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INTRODUCTION 

This volume contains copies of the technical papers presented at 
the MCA Conference on Some Problems of Aircraft Operation on October 9 
and 10, 1950 at the Lewis Flight Propulsion Laboratory.- This conference 
was attended by members of the aircraft industry and military services. 

The original presentation and this record are considered as com- 
plimentary to, rather than as substitutes for, the Committee’s system 
of complete and formal reports . 

A list of the conferees is included. 
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ATMOSPHERIC TURBULENCE AND ITS EFFECT 
ON AIRCRAFT OPERATION 
1 - ELEMENTS OF THE FATIGUE PROBLEM 
By Paul Kuhn 

Langley Aeronautical Laboratory 

Some of the problems associated with atmospheric turbulence 
and its effects on airplane operation can be appreciated readily 
without any background of special knowledge. Even a layman with- 
out any knowledge of flying can appreciate the effect of turbulence 
on passenger comfort. With a little imagination, he can understand 
that very violent turbulence may break the airplane. The most 
insidious effect of turbulence, however, and potentially at least 
the most important, can be appreciated only with some background 
of specialized knowledge. It is the promotion of fatigue failure. 

Fatigue failures are an old story to transportation engineers. 
In 18 £0, there was a meeting of mechanical engineers in England at 
which a paper was presented dealing with fatigue failures of rail- 
way axles. The speaker stated, among other things, that he was 
collecting statistics on service failures. A few years later, a 
German railway engineer started systematic fatigue tests on rail- 
way axles. The curves he plotted are known to engineers in Europe 
by his name, in our country, more prosaically, as fatigue curves 
or S-N curves . Around 1990, there were several engineering meet- 
ings in England, in Australia, and in the United States, devoted 
specifically to discussions of fatigue, and railway axles received 
their share of attention in all of them. 

Now, it is not impossible to build machinery that will live, 
perhaps not forever, but certainly to an astonishing age. One- 
lunger boat engines half a century old are not uncommon, and steam 
engines even older are still going strong without fatigue failure. 
However, if the age of such engines is astonishing, their weight 
is even more astonishing. Airplane engines and airplane frames 
built on similar principles would most certainly be safe against 
fatigue failure in the air, because they would never leave the 
ground. If man insists on his machinery leaving the ground, he must 
accept some risk of static or fatigue failure. 
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Static failures in: the air were common in the earliest days of 
aviation,, This situation was . greatly improved by the use of more 
careful stress -analysis, accompanied by strength tests and by the 
use of high load factors. With relatively high load factors, low 
airplane speeds and. small numbers of flight hours, fatigue failures 
were rather rare and generally attributable to vibration induced by 
the engine : or aer ©dynamically. However, over twenty years ago, a 

series of fatigue failures occurred in the spar caps of a European 
..transport type that were probably caused by gust loads. Since then, 
there has been a. steady trend to whittle down the load factors, 

. to .'increase the speed,, and'to.. increase tht total number of flight 
hours of transport type airplanes. .. With this trend, it is becoming 
more arid more difficult to' postpone fatigue failures long enough 
..to obtain the desired . service life' of the structure. 

. . ’^ 2 1 can.be done to ensure a. structure that is.' at least reason- 

8-bly satisfactory is now -to be considered. A glance at the history 
of airplane, engine design may be. instructive. For a long-time, engines 
were notorious for developing fatigue troubles. Intensive efforts 
were made to decrease these troubles by improving design methods and 
./features, materia Is, and ^materials processing, and by keeping close 
tab on service .experience , -'With all this vast backlog of experience 
fqr - tne improvement of engine * design, each new type still goes 
through a lengthy 'debugging -period, and an acceptance run is still 
required ; for any new type of engine,' ’ 

Consideration has' been given, to fatigue tests. on airplanes 
comparable, to the acceptance, runs of engines. Assume that the air- 
plane is. to have, a life of £ 0,000 flying hours. The fatigue test 
'would have - ; to duplicate, the. fraction of that time that is spent in 
turbulent air.. A widely used number for that fraction is one-tenth. 

The fatigue test would 'thus require . £, 000 : hours, or about 7 months. 

That would-be: 2\x. hours a day running time,’ with no time allowance 
for stops -to inspect for " bracks, or perhaps to repair the parts of 
the loading apparatus 1 that have failed in fatigue. The time estimate 
assumes furthermore' that the .test speed can be adjusted to obtain 
values . corresponding topflight- conditions . This may be extremely 
difficult in some airplanes.;.. without running the risk of having the 
test become misleading;- It appears, then, that the road to a good 
test technique, will be a. long-, and expensive one. 

_ In any event, a procedure -for testing a completed airplane is 
odiously not a good substitute for a design procedure when dealing 
with such a large and expensive structure as an airplane. The 
desired goal is to predict the fatigue life by calculation. Such a 
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prediction, just like a prediction of static strength, requires that 
three questions be answered: 

(1) vVhat are the repeated loads? 

(2) What stresses are caused by these leads? 

(3) What are the allowable stresses? 

The first question, that of repeated loads, is dealt with in sub- 
sequent papers. Attention should be called to the fact that the 
loads can be defined only on a statistical basis. This means that 
it is impossible to predict the life of one given airplane. It is 
only possible to predict something like the average life of a large 
fleet of airplanes, a hundred, for example. Some airplanes will live 
longer than the average,- ' some not so long. The operation of any 
given airplane therefore necessarily involves some risk. For design 
purposes, it is necessary to put a number on this risk, in order to' 
make it a calculated risk. How to arrive at this number is one of 
the many open questions. For passenger airplanes, perhaps as good 
a suggestion as any is to make this risk equal to the risk of every- 
day life on the ground as measured by the premium rates of life 
insurance companies. 

On the second question, that of stresses caused by loads, it 
should be noted that a reasonably reliable prediction of fatigue 
life would require a. much more complete and accurate stress analysis 
than is currently customary. Much can be done by more complete use 
of available knowledge.. A considerable portion of the. NACA research 
on structures has always been devoted to stress analysis. However, 
much additional research is needed on such items as stresses around 
cut-outs, sudden changes of cross section, and the large complex 
of problems usually lumped in the term "secondary stresses." This 
term was coined in the days- when only static- strength was of concern, 
when fatigue comes into the picture, the so-called secondary stresses 
often assume primary .importance. 

The third question, that of the allowable stresses, is rather 
easily answered for static strength design, but not so for fatigue 
design. A number of factors that are unimportant or non-existent 
in the static case become very important in the repeated load case. 
The main factors are scatter in test results, complexity of load 
history, and stress-concentration effects-. 

The first factor is illustrated in figure 1. The figure shows 
results obtained in rotating-beam fatigue tests. The maximum stress, 
S, experienced by one fiber of the beam during one revolution is 
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plotted against N, the number of cycles to failure. At each stress 
level, a number of specimens were tested. The average life for the 
group. is denoted by a circle. The circles fall fairly close to a 
smooth curve, and in this particular case, this curve agrees very 
closely with the corresponding one established by the Aluminum 
Company of America. However, the life of the longest-lived specimen 
at a given stress level, denoted by a tickmark, differs from that of 
the shortest lived one by a factor of about ten. In other tests, 
this scatter may be worse, and the average curves obtained in 
different laboratories often differ by quite a margin. 

This scatter has often been attributed to variation of material 
properties, but no correlation with any material property has been 
established to date. It is known qualitatively that the machining 
procedure , used .to make the specimens is quite important. There is 
also, a school of thought which holds that at least part of the 
scatter is associated with the fact that the atoms of ' the material 
■move about in a random fashion, which is of course beyond control. 

..Figure 2 conveys some idea of the problem of complexity of 
. load pattern. The top of the figure shows an actual load record 
from.- an airplane flying through turbulent air. The acceleration ■ 
at the airplane C.G. is plotted against time. Obviously, the 
pattern is very complex. The lower part of the slide shows load 
patterns obtainable in fatigue machines. Pattern One is a stress 
oscillating 'with constant amplitude about a mean value of zero. The 
rota.ting-beam machine has such a pattern. Pattern Two shows a 
constant mean stress and, superposed on it, an oscillating stress 
of constant amplitude. This is the pattern used at present to 
obtain design, allowable stresses. In Pattern Three, a certain number 
of. cycles is applied with one stress amplitude; then the amplitude 
is changed, and the loading is continued until failure occurs. 

.Now, if. the larger amplitude were applied first in this test, and 
then the smaller amplitude, the result would be quite different. 

The allowable stress depends not only on the number and magnitude 
of the stresses, but also on the sequence of application. 

Pattern Four has a number of amplitudes, arranged in a block 
or sequence. The entire block is repeated until failure occurs. 

If the number of cycles at each amplitude is made to agree with the 
statistical distribution of gust loads, the test is known as a gust- 
spectrum test. It is the closest approximation to the actual load 
pattern in the airplane that is now considered practicable. At 
present, there is no fatigue machine in this country capable of per- 
forming such tests efficiently. However, a medium-capacity machine 
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of this type is undergoing calibration at the NACA Langley Aero- 
nautical Laboratoiy and a larger one is under contract. An imp or- • 
tant phase of the research work will be to see how well test results 
obtained under Pattern Four can be predicted from the design allow- 
ables obtained. under Pattern Two. Later, the electronic control on 
the first machine will be changed; the new control will use a one- 
hundred hour gust load record as basic control medium to apply the 
actual complex load pattern to the test specimens. 

In the past three years, a large amount of "work has been done 
under a large-scale program to establish design allowable stresses 
for airframe -mate rials. This work is carried out in part by the 
Battelle Memorial • Institute, in part by the NACA Langely Aeronautical 
Laboratory.' It includes determination of allowable stresses on the 
. most important airframe materials, the effects of stress raisers, 
the effect of size of stress raisers, and the effects of yielding,, 

A large amount of work remains to be done, however, to. establish 
these effects quantitatively. One of the great difficulties in 
this work is the inherently large scatter in all fatigue tests 
which makes it necessary to test large numbers of specimens. 

A number of other fatigue problems are being investigated under 
contract at several universities. 

The problem of detecting fatigue failures as early as possible 
is one of great interest to research men as well as to operators. 

The failure starts as a very small crack, which grows slowly or 
rapidly until the part breaks statically. In simple specimens, at 
least, the crack does not form in the majority of cases until- £0 
to 90 percent of the fatigue life has been exhausted, that is, the 
major part of the fatigue damage is done before there .is any crack. 
Although much effort has been devoted to the problem of detecting 
fatigue damage, there exists at present no method for detecting 
damage short of an actual crack. Once a crack has formed, .it is 
possible to see the damage, provided that the crack is located some 
place where it can be seen. There are various methods for facilita- 
ting the detection of cracks. On an airplane structure, many parts 
are unfortunately not accessible to visual inspection. There are 
methods for detecting internal cracks, but there seems to be little 
hope that these methods can ever be applied to anything but extremely 
simple individual pieces. 

Fatigue tests being made on transport airplanes are another 
example of MCA research in the fatigue field. Twenty C— 116 airplanes 
were obtained from war surplus. The central portion of the fuselage 
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is mounted between two supports. The’ 'outer portions of the wings 
are removed. A concentrated mass is attached to the new tip of 
each wing to produce in the root region stresses of the same 
magnitude as : the 1 g stresses’-' in level flight. Pu.shrods fastened 
to the. wing tips produce an ' oscillating.’ load of 0„62£ g at the 
natural, frequency of. the wing, 101 cycles per minute. The "distri- 
button of the flight stresses is approximated fairly closely over 
a spanwise distance of about’ one -third of the original span. From 
these tests an effort will be ma.de to determine whether the scatter 
in tests- on complex- structures is greater, less, or the same as in 
tests . on simple specimens'. 

It may .-seem. that. -the fatigue problem is a somewhat hopeless one 
Unquestionably* a .very -large amount of work remains to be done and 
it must be admitted that the picture does .look confused at present 
in some respects. However, there is good reason to believe that the 
situation will improve considerably within a few years. Methods of 
accounting for some of the disturbing factors, such as size effect, 
have been proposed that seem to offer good promise, and the elimina- 
tion of any one disturbing factor greatly helps to speed up the 
task of cleaning up the- remaining ones. 

In conclusion, a. parallel may be drawn. The .fatigue life of a 
structure is analogous to the life of a. human being in that it is 
finite, and that it cannot be predicted for any one individual with 
great certainty or accuracy. Advances in medical research do not 
constitute a. guarantee tha.t the life of one given individual will 
be increased, but they . do guarantee that the average life span will 
be increased, other things being equal. The same applies to fatigue 
research. 





Figure 1. - Rotating-beam fatigue tests; 24S-T alloy. 




Figure 2. - Typical load patterns on airplane and on fatigue machines. 
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ATMOSPHERIC TURBULENCE AND ITS EFFECT 
ON AIRCRAFT ' OPERATION 

2c INTRODUCTION TO THE PROBLEM OF - 

REPEATED’ GUST LOADS 
By H- B Tolefson 
. Langley Aeronautical Laboratory 

The problem of repeated gust. loads is to define the gust load 
experience of an airplane during its life. The problem is general 
in that it covers all the many gust load experiences of the air- 
plane without specific regard to the occurrence of single large 
loads or to the sequence in which the loads are applied. The solu- 
tion to this problem is required so that the effects of gusts upon 
airplanes can be designed for, reduced, or avoided The purpose of 
this paper is to present the elements of the recurrent -gust -load 
problem and to provide some background for subsequent papers on 
gust loads. 

The problem of repeated gust loads resolves into three parts : 

The determination of the pertinent gust characteristics and the 
frequency of occurrence of gusts in the atmosphere, the influence 
of airplane characteristics on the loads imposed by the gust, and 
finally, the determination of the operating conditions, or the 
manner in which the airplane is flown and dispatched with regard to 
rough air. 

Before taking up the three parts of the problem, a review will' 
be made of the concepts of gusts and of available methods and instru- 
ments for measuring gusts.. It is obvious that gusts in the atmos- 
phere have a wide variety of dimensions, or sizes, and that the vel- 
ocities may have any vertical or lateral direction. From the 
standpoint of wing loads, however, past work has indicated that the 
vertical velocities are most important. The work has also' indicated 
that significant gusts are those roughly the size of the airplane, 
although quite wide variations exist. The two basic elements of a 
gust used in this work are therefore considered its vertical com- 
ponent of velocity and its size. These elements are illustrated in 
the first figure, which shows the velocity profile of an average 
gust. As indicated, the velocity is directed upwards and the profile 
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is assumed To be symmetrical. The exact shape of the profile is 
not too important for most work,- and in some cases a sine wave is 
assumed while in others a peaked gust is used. The distance H 
iii which velocity increases to a maximum is used as a measure of 
the size of the gust and is called the gradient distance* The 
vortical velocity at any point within the gust is assumed to he 
uniform across the airplane ■ span - 

In reducing the calculation of gust loads to its simplest 
form, consider the condition in which the airplane is traveling 
at velocity V and suddenly 'encounters ■ the vertical gust velo- 
city U- The gust equation in figure 1 for this condition indi- 
cates that the maximum acceleration increment experienced by the 
airplane is a function of air density, slope of lift curve, vertical 
component of gust velocity, forward speed, and wing loading (refer- 
ence 1). The factor K accounts for the. vertical- movement of the 
airplane in the gust and for the fact that full lift is not realized 
immediately for a sudden change in angle of attack. 

In routine evaluation of large amounts of data with the equa- 
tion, it has been found convenient to base the value of K on a 
gust with an average gradient distance and to use sea level air 
density and equivalent airspeed. The gust velocity obtained with 
these substitutions in the equation is called the effective gust 
velocity (reference 1). This is a fictitious value, but since it 
is a measure of the load producing capabilities of the gust and is 
quite easily obtained, the effective gust velocity is widely used 
in loads work „ 

The best estimate of' the true maximum. gust velocity is obtained 
if true airspeed and density are used in the equation and K is 
computed on the basis of actual gust and airplane characteristics. 
With respect to the current design of rules of reference 2, the 
30 feet -per -second gust at structural cruising speed is an effec- 
tive gust velocity and corresponds to a true gust velocity of about 
50- feet per' second at sea level. ' 

In order to illustrate the method of measuring these various 
gusts, ' figure 2 shows a portion of an MCA accelerometer record 
taken during flight in rough, air. Vertical Inflections of the 
trace indicate magnitude of the -accelerations and the horizontal 
scale denotes time . Some imagination-, and experience is required 
in interpreting some of these records, but ordinarily the large 
successive peaks in the- record would be classified as gusts. The 
magnitude of the acceleration peaks with respect to the reference 
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line of unity are read for evaluating the gust velocities and the 
gradient distance is obtained by measuring the time to reach peak 
deflection- 

The.NACA accelerometers used for open time scale records of 
the type shown in' figure '2 are used primarily on special gust inves- 
tigations. In view of the relatively short recording time available 
with these 'instruments, other instruments have been used for 
obtaining data on gust characteristics for operations where longer 
recording times are required. 

A- large amount of the available effective gust-velocity data 
has been obtained from the familiar Y-G recorder (reference 3). 

A sample of the type of record obtained from the., recorder is shown 
in the figure 3. The record consists of an area which is erased 
from a smoked glass plate by a stylus within the 'instrument. During 
flight, changes in airspeed cause the stylus to move horizontally, 
and changes in acceleration cause the stylus to move vertically. 

The boundary, or envelope line of the resulting area on the smoked 
plate, represents the maximum positive and negative accelerations 
that occurred throughout the speed range for the period of operation 
The period covered by the record of figure 3 was about 100 flight 
hours. The type of record obtained from the instrument does not 
permit the many small, accelerations that fall within the erased 
area to be identified. The Y-G recorder is therefore unsuited for 
obtaining a statistical count of all the accelerations to a low 
threshold, such as might be desired for fatigue studies, but only 
the outstanding large values at any speed can be determined. When 
these maximum positive and negative accelerations and the corres- 
ponding airspeeds from figure 3 are substituted in the gust equa- 
tion of figure 1, the maximum effective gust velocities encountered 
by the airplane are obtained. 

In order to obtain a statistical count -of the accelerations to 
a low threshold, an instrument called the VGH recorder is used, 

(See reference 4 ). This instrument is shown in figure 4. The 
VGH recorder gives a time history record of airspeed, acceleration, 
and altitude, from which comes the term VGH recorder. . It consists 
of an acceleration transmitter that is installed near the airplane 
center of gravity, a recorder base that contains airspeed and alti- 
tude units, and a film drum. With the VGH recorder it is possible 
to obtain approximately 100 flight hours of record with the film 
supplied with each drum. 

As an illustration of the type of record obtained from the 
VGH recorder, figure 5 shows a portion of a record taken from a 



10 


commercial transport during flight in rough air.- The time scale 
is given on the abscissa, arid the lower trace is airspeed, the 
middle trace acceleration, and the upper trace altitude . The fine 
acceleration peaks are gusts.. The peaks are very close together 
because of the slow film spbed used with this instrument » The 
film could be speeded up, but the recording shown in figure 5 has 
been found satisfactory for obtaining statistical data 'from trans- 
port operations.* In evaluating these records. for the loads, .the. 
magnitude and number of the acceleration peaks are read. The air- 
speed is also read for converting the acceleration data to effec- 
tive gust' veloc: ties = From the three traces, the load and gust 
history of the airplane, together with pertinent operating sta- 
tistics, such as. airspeeds and altitudes flown, can be obtained. 

The three types of records described -- the VGH record, the. 
V-G record, and the open time scale record -- are the instruments 
and methods usually used in taking data. In some cases, where 
fine details of ,the gust profile are needed, instruments to msa- • 
sure rapid changes in indicated airspeed, or angle of attack vari- 
ations, are also used. 

Samples of data on gust intensity and gradient distance are " 
shown in figure 6 (from, reference 1),' in which intensity of gust 
is plotted as the ordinate, and average gradient distance as the 
abscissa. The average gradient distance is used to obtain a repre 
sentative value for the spread that is usually measured for any 
gust velocity. It may. be noted that the gradient distance in 
figure 6 is given in terms of airplane wing chord rather than in 
feet. Gradierit distance is usually expressed in this manner 
because of all gusts in the atmosphere, the size of significant 
gusts is selected by the airplane on the basis of the airplane 
size. This selecting process of airplanes is analagous to the 
case of large and small boats on the ocean. It is apparent that 
the short or choppy waves that toss a rowboat around do not affect 
the motions of a large battleship. 'Conversely, the long-period 
swells that make rough going for the battleship give only gentle 
vertical motions to the rowboat. The airplane reacts in a similar 
manner to the disturbances in the atmosphere. In figure 6, then, 
in which data have been plotted fpr airplanes- varying in size from 
the Aeronca with a chord of 4 feet to the XB-15 with a chord of. 

18 feet, it maybe seen that the gradient .distances in chords tend 
to fall within a band and increase somewhat as. gust intensity- 
increases. The' curve. in the figure was drawn to agree best with 
the XC-35 data which is considered the most extensive sample. In 
view of . the large variation in the size of the airplanes, it is- 
felt that the relation provides a suitable basis for relating gust 
size to airplane size. 
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Other characteristics of gusts not illustrated in figure 6 
are that, on the average, the velocity components in the three 
directions are the same. In addition, gusts are randomly dis- 
tributed according to size and intensity in any stretch of rough 
air. While an individual gust can have any conceivable shape, 
both in the longitudinal and spanwise directions, a shape as was 
shown in the first figure is generally assumed in treating large 
masses of data. The number of gusts and their intensities vary 
with the weather encountered, and so far as. is known, the number 
would decrease with altitude » 

The second part of the problem of repeated gust loads, which 
relates to the influence of airplane characteristics on the loads, 
will now be discussed . For the ideal case given by the gust equa- 
tion (fig. l), airplane characteristics were. represented, simply by 
the K factor, slope of the lift curve, and wing loading. In the 
actual case, the loads, are influenced by many other factors. 

One of these factors is the potential effect of variations in 
piloting technique on the loads during flight in gusty air. Some 
special tests on the effect of piloting technique on gust loads 
indicate that the loads may be increased from 5 to 20 percent if 
the pilot attempts to correct for all the disturbed motions of the 
airplane in rough air rather than correcting for only the major 
disturbances. 

Another factor is the effect of center of gravity location 
on gust loads. Both analytical and experimental work have indi- 
cated that the gust loads are decreased by about 2 percent for 
each one percent forward shift of the center of gravity. 

The factor in gust response of airplanes that has probably 
received the most attention recently is the effect of airplane 
elasticity on the loads and stresses . It is well known that under 
transient conditions, vibrations of the structure can cause higher 
stresses than would be obtained from the same load applied under 
static conditions. Data on the magnitude of these .vibrational 
effects were recently obtained from strain gages and accelero- 
meters mounted at the center of gravity and at different points 
along the wing span of a modem transport airplane (reference 5) . 

. Records taken in rough air showed dynamic response effects 
by vibrations from the wing on the records. Figure 7 presents 
some of the acceleration data as an indication of these effects, 
which are borne. out- by the stress measurements as well. In 
figure 7 peak acceleration for individual gusts as measured at 



12 


the center of gravity of the airplane is plotted as the ordinate* 
The accelerations at the wing nodal points were found to he free 
from the effects of primary... vibrations . These values were taken 


as a measure of the. applied 


load .and are plotted as the abscissa. 


Inspection of .figure 7. .indicates that local accelerations at 
the center of gravity were higher than the nodal -point accelera- 
tions, by about 20 percent ..or. more, This amplification of the 
center of gravity measurements due to wing vibrations gives evi- 
dence of signif icant . dynam.1 c response effects 'for modern airplanes 
These effects' of' the wing vibrating when' loads are rapidly applied 
are continually being investigated. 


The' final. .part of • the. repeated loads problem is concerned 
with’, the ' influence of 'operating conditions on the loads » It is 
evident that the operating , conditions, such as weather encountered 
or route flown,, determine the gusts that' are encountered* It is 
also evident , that the loads from these gusts depend on other opera 
ting variables, such as flight speed. With the use of different 
types of. equipment by. the airlines on different routes many combi- 
nations of operating variables can' exist. Because the gusts and 
loads are influenced by these variables, isolated research flights 
cannot be expected to produce data that can be generalized. The 
only, method of , obtaining statistically reliable information on the 
repeated loads actually, experienced by the airplane is the collec- 
tion of data from service airplanes. 

These, data are .collected .with the V-G and YGH recorders, 
which. have boon described. In. order to illustrate how some of 
these records are 'considered, take another portion of a VGH 
record. In this, record (fig. 8) the airspeed and altitude 
traces have been deleted and the record has been enlarged so that 
many of : the .individual accelerations can be seen. Much of the 
detail has been lost, but it can be seen that the record consists 
of a random series, of positive and negative accelerations of 
different magnitudes.' When these peaks are evaluated for effec- 
tive .gust velocities, the' gust. history of the airplane is there- 
fore a series of gusts of different intensities. The first step 
in obtaining some sort .of a picture of this series of gusts is 
to count the number of gusts that have given intensities Thus, 
for a given record_ there might' be a hundred small gusts, below a 
quarter g increment, that are in the solid black regions, And 
only a few of the large, values over l/2 g increment. Actually, 
the count is made to a finer, division of gust intensities, and 
if these numbers are plotted, a frequency distribution is obtained 



13 


This type oi count lia3 been used to determine differences in the 
gust experience for. different tyoes of operations, for instance in 
comparing high- and low-altitude* flights. 


Since a count of the gust velocities, such as that described, 
shows that small gusts are much more frequent than those of large 
value, the average number of miles flown for the occurrence of a 
small gust is low as compared to the average number of miles before 
a large gust is to be expected. Using this concept of average 
miles flow before given gust values would be expected, the fre- 
quency distributions are transformed into what are called miles -to- 
exceed curves to give an indication of the loads. Typical examples 
of these curves for special research flights in such conditions as 
thunderstorms and low-level clear -air turbulence are shown in 
figure 9. 

For these curves, gust velocities are plotted as the ordinate, 
and the logarithmic sccu.e o;' the abscissa represents- the average 
number oi miles that vo”ld be flown before, gusts of given inten- 
sities would be encountered. The plot may be considered as repre- 
senting the chance of encountering different gust intensities in 
terms of miles of flight. The plot has no significance as to the 
order in which different gusts may be encountered and does not • 
imply that for the thunderstorm sample a 16 -feet -per -second gust 
was mea sirred in the 10th mile or a 24- -feet -per -second gust in the 
100th mile, in fact, the 24 -feet -per -second gust might have been 
experienced in the first mile. The mileage scale represents only 
the liklihood of that gust being encountered. 

The curve shown in figure 9 for transport operation in rough 
air represents a combination of distributions for all types of 
weather since commercial airplanes fly under all combinations of 
weather. The transport curve may thus represent- 2 -percent thun- 
derstorm flight, 30 -percent clear air turbulence, 20 -percent 
stratus clouds, etc. It has not been found possible, however, to 
define given operations by the proportion of time spent under 
various weather conditions, and in order to obtain the required 
loads data, it is necessary to take the measurements during flight 
of commercial transport airplanes. 

In summary, the repeated gust loads problem embraces different 
aspects of the characteristics of atmospheric gusts, airplane 
reaction to these gusts, and incidence of gusts encountered in 
various types of operation. Information obtained 'to date has been 
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the basis for much of the current gust-load requirements, although 
changes in airplane design and operation conditions are accompanied 
by. many new gust load- problems.- Continued research, particularly 
in reference to higher operating altitudes, is in progress. 
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Figure 1. - Simple gust concepts. 
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Figure 4. - The NACA VGH recorder. 
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Figure 5. - Record from NACA VGH recorder. 
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PEAK ACCEL 
AT c.g., 
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ACC., g 
2-1 


CH 


_ s,<rf '0 


r 

o 


-i 1 1— 

60 120 180 
TIME, T, SECONDS 


240 
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ATMOSPHERIC TURBULENCE AND ITS EFFECT 
. ON AIRCRAFT OPERATION 

3. • GUST LOAD EXPERIENCE IN TRANSPORT OPERATIONS 
By John R. Westfall and Roy Steiner 
Langley Aeronautical Laboratory 


In the flight operation of transport aircraft, atmospheric -gusts 
constitute a principal source of loads. These leads might be, for con- 
venience, put into two main categories: one is the large but relatively 

infrequent load which may cause structural damage or failure by a single 
application. The other is a smaller load which, in itself, will not 
cause failure, but because of its greater frequency of occurrence, 
affects airplane fatigue life and passenger comfort, A knowledge of the 
magnitude and frequency of both types of loads and of the factors which 
influence them x is of concern to the airline operator. 

The number and intensity of gust loads imposed on an airplane is 
influenced by certain operating conditions and practices such as airspeed, 
altitudes fleam, route, .and season. The best way known to obtain data on 
the effects of these factors is to measure the loads and associated oper- 
ating conditions on airplanes in routine commercial flights. To. do this, 
the NACA utilizes two instruments, the V-G recorder and the VGH recorder. 
It is impossible to predict the gust loads experience of any given air- 
plane on an absolute or precise basis since in transport operations there 
exist a great many possible combinations of gust, intensity, frequency.,, 
and sequence, airplane speed, altitude, terrain effects, and so forth. 

An .airplane ' s gust load exnerience can be predicted, however, on a sta- 
tistical or average probability basis. 

Where statistics are involved one question that immediately arises 
concerns the amount ‘of data' necessary to achieve, a desired accuracy of. 
reliability. The answer to that question, of course, largely determines 
the samp 1 e size to be taken arid scope of the programs of V*G and VGH rec- 
ord collection. In statistical analysis, the. reliability of the results 
depends primarily on the number of measurements. In any sample of gust 
loads data , the number of measurements- of different values of acceleration 
may vary unduly, as illustrated by figure 1. These data were obtained, 
from about 700 hours of VGH records from one set of operations. The num- 
ber of accelerations of a given value is the ordinate, plotted on a log- 
arithmic scale, and the magnitude of acceleration increment, in g units, 
is the abscissa. A value of 0.3g was taken as the reading threshold 
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because smaller values were hard to read from the cramped time scale of 
the VGH records so that the count of the smaller values of acceleration 
probably would be inaccurate,, • It is evident that the frequency of occur- 
rence decreases drastically 'as we go from 0.3g to the higher values of 
loading. For example, there are. some 14,000 accelerations of 0.3g, but 
only about 200 of 0.6g. and only 5 equal to l.Og. It is apparent there- 
fore that with so few points the reliability of the data for the higher 
values of acceleration is much less than that for the smaller values. 
Assume it is desired to determine the loads which the airplane will expe- 
rience, over a range of accelerations from 0.3g up to the limit load fac- 
tor increment (l,5 to 2g) . If a reliability of the distribution of the 
large loadings comparable to that given by 14.000 readings at 0„3g were 
desired, it would require about 70,000 hours of data from each route or 
set of operations instead of 700. 

It is not necessary,.' however, to collect and analyze such large 
masses of VGH data to obtain a complete distribution of gust loads for any 
set of operations,- A more practical me'thqd is to supplement a moderate 
amount of VGH . data w ith iahge quantities of V-G data, which are relatively 
simple to obtain arid analyze . The method of combining VGH and V-G data 
to yield the gust loads distribution is shown in figure 2, Acceleration 
increment in terms of g is plotted as the ordinate, and the number of 
miles which must be flown to encounter a given value of acceleration 
increment is the abscissa, plotted on a logarithmic scale* It should be 
pointed out that each symbol does not necessarily represent a single meas- 
urement but rather represents a single point on a frequency distribution 
curve such as shown in figure 1. In other words, each symbol may repre- 
sent a few or a. great many measurements. The VGH data, shown by the cir- 
cles, were obtained from. about 170 ,000 miles of -flight, which is believed 
to be adequate to give. the desired reliability over the lower part of the 
curve, up to values of say. Q, 8 or 0.9g, At higher g's, the number of 
measurements from the VGH data is too small to give the desired reliabil- 
ity, The V-G data,' Shown by the squares, were obtained from about 
8,000,000 miles of flight., The- reliability of the V-G data is likewise 
not too good in the region of intermediate values of g, since while these 
values may stand out as peaks on some records, they will be obscured on 
others by the superimposing of larger loads at the same airspeed and 
hence the count is likely to be too small. The higher valueo of load, 
say above l,3g, are not likely to be obscured in the V-G envelope, eo 
that the count of these values' is good. At the extreme upper end of the 
curve where the number of loads is ,small.,. there may be some deviation 
from the general pattern of the distribution, as illustrated by this 
point which is a single maximum load. While such points are true values, 
they cannot be given as much- weight in fairing the curve as others which 
occur more frequently. 
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. Data such as these ar.e of value in many respects. As has already 
been pointed out, the information they give with regard to repeated loads 
has a bearing on the fatigue problem. Even though it is not yet possible 
to make an accurate quantitative analysis of the fatigue life of an air- 
plane, the data permit studies of the relative effects on fatigue of 
some design and operating parameters. Such data can be used to determine 
the effect on fatigue life of one Important operating variable, namely, 
speed in rough air. 

In figure 3 the same data shown previously have been transposed into 
somewhat different form. The magnitude of the acceleration increment is 
the ordinate, and the number of times a given value of acceleration incre 
ment was equaled or exceeded is the abscissa, plotted. on a logarithmic 
scale. The upper curve represents the distribution of acceleration 
increments which could be expected if the airplane operated at normal 
cruising speed (in this case 200 mph) at all times y in rough air as well 
as smooth. From well established relationships such as those described 
in the preceding paper (Part 2), the reduction in load and load frequency 
for any given .reduction in airspeed can be calculated. Results of such 
calculations are shown in the two low or curves. The middle curve repre- 
sents the situation when the airspeed Is reduced 5 percent in rough air, 
or from 200 mph to 190 mph. The magnitude of all loads is reduced by 
5 percent, hut the number of loads of a given magnitude is reduced about 
30 percent.. If the. speed is reduced by 20 percent, or from 200 mph to 
160 mph, the magnitude of all loads is reduced 20. percent, hut the fre- 
quency is reduced 80 percent. Two apparently identical airplanes may 
have a difference of several hundred percent in their respective fatigue 
lives - 'one may have a fatigue life of two years and another a life of 
10 or 15 years. Assume the use of an airplane which would have a fatigue 
life of six years if it were operated at -its normal cruising speed at all 
times. If the airspeed is reduced only 5 percent in rough air, the 
fatigue life will be increased from six years to nearly eight. A speed 
reduction of 20 percent in rough air might extend the fatigue life to 
nearly 30 years. 

Besides indicating the nature of the over-all frequency distribution 
of gust loads, VG-H data disclose a number of other important facts relat- 
ing to. the detailed load, experience under actual operating conditions. 
Figure 4 presents, in tabular form, some of the information that can be 
obtained. The data are from some 700 hours of flight. Hie flight oper- 
ations have been evaluated in terms of time spent in three flight condi- 
tions; climb, en route, and descent, and each of these in turn is sub- 
divided into smooth. and rough air. Rough air was defined as any portion 
of the , flight path in which acceleration increments greater than ±0.3g 
were encountered,. The table also shows the average speed in rough and 
smooth air for the three flight conditions, so that the effectiveness of 
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speed, reduction in terms of relative fatigue life can be studied. Other 
: information, includes the max imum loads encountered, and the load ':' 
frequencies* 

In the .lower •• table the data are evaluated in terms of percent of 
..flight path for different altitude .brackets." It can be seen that ‘in this 
particular, .sample the greater, part of the operations was at altitudes 
iess than 5000 feet above terrain, which probably accounts for the rela- 
tively high percent of time spent in rough air. 

■ . Samples of gust load frequencies available at ' this' time are largely 
.confined to . low-altitude operations such as typified by the data in fig- 
ure 4. It is of great importance that similar samples be obtained for 
operations at higher altitudes-, in order that the effect of altitude on 
the: gust loads experience of present' and future high-altitude transports 
may . be appraised . Designers have hoped that the frequency of gust loads 
might be .substantially- less at the higher altitudes than at the lower . 
altitudes. This seems like- a fairly reasonable assumption since at the 
higher altitudes the airplane avoids some turbulence associated with 
convective- type cloud formations ^ and also the mechanically-generated 
type of turbulence associated with surface winds and rough terrain. At 
present there is available only a small sample of VGH data taken on one 
high-altitude airplane. The -trends indicated by these data should not, 
therefore, be. taken as well established. In figure 5 altitude in thou- 
sands of feet is plotted against- the number of accelerations per 100 miles 
of flight from a sample of 120 hours of VGH data. As can be seen, the ; 
frequency of- loads decreases rather markedly as the altitude increases. 

The -short section of data at the right is’ from low-altitude operations 
..of another airplane over roughly the same route, and may be regarded as a 
partial check .on the load experience of the high-altitude airplane when 
it was operating at the lower levels. 

Little has been. said -here about V-G data other than to point out 
that these data, in effect, supplement the VGH data by providing fre- 
quency distributions of the larger and less frequent gust loads. Besides 
thus .extending-. the picture on repeated loads , the V-G data serve to estab- 
lish, the. probability of occurrence of the large ‘ single loads that may 
cause- failure of -the- airplane- structure by simple overloading - a type 
of failure .-which has. nothing to do with fatigue. V-G data also show the 
maximum speeds encountered, under actual operating conditions, which is a . 
matter of considerable structural importance. 

: As ;: with repeated- loads, the probability of encountering single large 
loads^. depends upon a number of operational factors.- These include route,, 
season, dispatching practices, forecasting, and piloting practices, 
especially, : speed reduction in rough air and circumnavigation of large 
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cumulus clouds. An illustration of the type of information obtained from 
analysis of V-G records may be of interest. The difference in gust expe- 
rience for airplanes of the same type, flown by the same operator but over 
different routes, a trans Pacific and a Caribbean- South American route 
is shown in figure 6. Effective gust velocity in feet per per second is 
plotted as the ordinate, and the number of miles to equal or exceed a 
given value of gust velocity is the abscissa, plotted on a logarithmic 
scale. Gust velocity instead of acceleration was used as a criterion of 
roughness to eliminate, any effects of differences in operating speeds and 
weights. For a given number of miles flown, the Pacific route was less 
rough, by about 15 percent. Analysis of data from routes in various parts 
of the United States indicates that, all things considered, there may be 
a difference of 5 to 10 percent in the gust loads experienced by airplanes 
flying in different parts of the country. 

In conclusion, the determination of both repeated gust loads and 
single large loads under actual operating conditions is of importance to 
the designer and the operator of transport airplanes. Both the V-G 
recorder and the VGH recorder are essential to such load determinations, 
as these instruments are complementary to each ’other. Data collection 
must be a continuing process, because operating conditions change and 
the loads experienced are affected to an important extent by these 
changes . 
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Figure. 1 - Frequency distribution of acceleration increment from 700 

hours of VGH records. 



MILES OF FLIGHT 

Figure 2. - Method of combining VG and VGH data to obtain complete 

distribution of gust loading. 
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Figure 3. - Effect of speed reduction in rough air on load frequency. 


SUMMARY OF VGH DATA FROM ONE AIRLINE FOR 712 HRS OF LOW ALTITUDE 

OPERATION 


(a) GUST LOADS AND AIRSPEED EXPERIENCE 


FLIGHT 

CONDITION 

FLIGHT DISTANCE 
(MILES) 

PERCENTAGE 
OF FLIGHT 
RATH IN 
ROUGH AIR 

AVG. INDICATED 
AIRSPEED (MPH) 

MAX. An 
(g UNITS) 

NO. OF An's 
>±0.3 g 

NO. OF Anls 
£±0.3 g PER 
MILE OF ROUGH 
AIR 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

CLIMB 

4078 

6999 

36.82 

1 67.0 

165.2 

+ 1.38 

1630 

0.3997 

ENROUTE 

20686 

72115 

22.29 

204.3 

212.0 

+1.20 

8181 

0.3955 

DESCENT 

18463 

21771 

45.89 

190.0 

204.9 

-1.02 

8867 

0.4804 

TOTAL 

43227 

100885 

- 

- 


- 

18678 

- 

AVERAGE 



30.00 

194.0 

206.4 

- 

- 

0.4322 


(b) PERCENTAGE OF FLIGHT PATH BY ALTITUDE ABOVE TERRAIN 
AND TURBULENCE. CONDITION (ALT x 10^ FT) • 


FLIGHT 

CONDITION 

0-5 

5-10 

10-15 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

CLIMB 

2.63 

4.14 

0.1 9 

0.72 

- 

- 

ENROUTE 

9.39 

26.93 

4.97 

23.07 

0.03 

0.02 

DESCENT 

11.69 

12.95 

1 .1 1 

2.1 5 

- 

0.01 

TOTAL 

23.71 

44.02 

6.27 

25.94 

0.03 

0.03 


Figure 4 
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Figure 5. - Variation of gust load frequency with altitude. 



Figure 6. - Effect of route on gust frequency. 
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ATMOSPHERIC TURBULENCE AND ITS EFFECT ON AIRCRAFT OPERATION 
' 4 . THE DETECTION AND FORECASTING OF TURBULENCE 
By James K. Thompson 
Langley Aeronautical Laboratory 

Previous papers have discussed the problem of repeated gust loads 
and have indicated that satisfactory methods for reducing the gust-load 
experience of the airplane are desirable for both future and present 
transport operations. One method of reducing gust-load experience of the 
airplane is through choice of a flight altitude and path that vill avoid 
turbulent regions. The methods considered here are the prediction and 
detection of the location and. intensity of regions of atmospheric 
turbulence. 

Although methods for predicting the location and intensity of atmos- 
pheric turbulence have been studied for many years, little success has 
been obtained because of the complicated nature of physical processes in 
the free atmosphere. The meterologist usually simplifies the problem by 
treating the intensity of turbulence, according to the predominate source 
of energy. Thunderstorm turbulence for example, is usually analyzed 
according to some measure of the buoyant forces within the storm. The 
methods of prediction now available are simple empirical relations based 
on observations of turbulence intensity and meterological factors. 
Although the methods do not permit precise forecasts of both the location 
and intensity of atmospheric turbulence, they do provide some estimate 
of the intensity of turbulence that may be encountered by airplanes 
operating in the region of thunderstorm activity or at low altitudes in 
clear air. 

Low-level clear-air turbulence is seldom critical from the stand- 
point of single excessive gust loads. Such turbulence is significant, 
however, to the fatigue life of the airplane and to passenger comfort. 
This clear-air turbulence is associated with atmospheric flow over the 
earth's surface and is located in a layer usually extending to an alti- 
tude of about four thousand feet. Data obtained from a recent flight 
investigation in Ohio have been utilized by NACA to continue past studies 
of the gust experience of airplanes operating in this turbulent layer. 

One of the quantities examined in the study was the - product of total 
solar heating' received on a .unit .horizontal surface during the flight 
day. and average wind shear. Wind shear is defined here as the rate of 
change with altitude of wind direction and velocity in the turbulent 
layer. The product of these two variables was found to yield reliable 
estimates of the gust experience of an airplane operating at low alti- 
tudes under certain conditions. 
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A measure' of observed gust • experience as a function of this index 
of clear air turbulence is shown in figure 1. The ordinate is gust 
velocity and the' abscissa (turbulence index) is the product of wind shear 
and solar heating. Each of the points represent one of twenty- three 
flights made by the airplane during spring, fail, and winter seasons. 

The solid line represents the line of best fit determined by a method of 
least squares and the dashed -lines define the error band. About two 
thirds of the observations may be expected to fall between these error 
bands 

The. figure .shows , that the- average, maximum effective gust velocity 
per : mile: of ' flight was usually determined within less than one foot j)er 
second and: that .-.the .'meteorological index of turbulence intensity is 
reja.ted to the .gust experience of the airplane for the test conditions. 
The relation has. been obtained empirically . and direct application - of the 
results to other regions is not warranted. The value of the index for 
other localities is for the purpose of estimating the relative intensity 
of . low-level; clear-air .turbulence under certain conditions. 

The index' may: be-- used to best advantage in connection with studies 
of , airplane behavior if. flights are to he made in clear air at low alti- 
tudes and- over .a given route or area. For this t3qpe of an investigation, 
the index, has ■. enabled. KACA engineers to determine if the prevailing tur- 
bulence is- apt to: be sufficiently intense to warrant preparation for 
test,. operations...--. Further investigations are required before meteorolog- 
ical predictions may be. utilized to enable any significant reduction in 
the.' gust experience of the transport airplane. 

Large 'cumulus.' and thunderstorm clouds represent an important source 
of ..intense atmospheric turbulence. The clouds may form randomly through- 
out an air muss or in lines along frontal zones. Gust velocities greater 
than those for which transport airplanes are designed are known to occur 
in these regions . 

. The results, obtained from an investigation of a method for pre- ' 
dieting maximum effective gust velocity in thunderstorms are presented 
in figure -2. The- .'ordinate is the maximum effective gust velocity 
encountered by an airplane duping a large number of flights through a 
thunderstorm. The abscissa is the predicted maximum relative horizontal 
temperature :. difference between the warmest and coldest air of the 
thunderstorm.. The points represent twenty-nine thunderstorms that were 
investigated-. • The solid line is ; again the line of best fit determined, / 
by a-, method of least squares and the dashed, lines define the error band. 

The index of thunderstorm turbulence is apparently related to the'-" 
maximum gust intensity of the thunderstorms. The error band shows .that ; 
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the maximum effective gust velocity is usually predicted within about 
five feet per second. Although the quality of the relation is not as 
good as that of figure 1, the index has been determined from data that • 
would be available to field personnel; for making the flight forecast. 

A part of the error is obviously connected with errors in forecasting 
the temperature difference in the storm. The errors are representative 
therefore of those that would be made by a forecaster/ This index of 
thunderstorm turbulence represents one step' in the development of a 
method for determining if gust velocities greater than that for which 
the airplane was designed are likely to be present in the storm. It 
does not however, attempt to predict the intensity of turbulence that 
will actually be encountered on any single flight through the 
thunderstorm. 

A reduction of the gust experience of the airplane may also be 
obtained by utilizing devices for detecting the location of regions of 
atmospheric turbulence. Of the methods investigated by different 
agencies, radar probably holds the only reasonable change of success 
in the immediate future. Radar is not a true detector of turbulence 
however, and its use depends upon the existence of relations between 
turbulence and the water content of clouds . 

The 10- centimeter ground radar, the 3-centimeter airborne radar, 
and the 3-centimeter airborne radar with an attachment for indicating 
areas of light' and of heavy rain, have been investigated for possible 
use in detecting the turbulent regions of thunderstorms. The investi- 
gations represent the cooperative work of the Wavy, Air Force., American’ 
Airlines, and NACA. The results of these investigations may be more 
easily discussed if some elements of thunderstorm structure and radar 
principles are first considered. An putline of the rain core and visible 
cloud of a large thunderstorm is shown in figure 3. The hatched area 
represents the rain core of the storm and the white area represents 
portions of the storm in which the water content is low and the drops 
are small. A projection of the horizontal area of the rain core onto the 
earth's surface is also shown. 

The rain core, of a thunderstorm such as this contains a multitude 
of tiny reflecting surfaces and may be considered as an echo source. 

A portion of a radar signal directed into the storm from some exterior 
position will be reflected as an' echo to the radar set. The direction, 
and distance from the. radar set to the reflecting surfaces are presented 
by the radar in a form that maybe utilized to locate the rain core of 
the thunderstorm. 
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The 10- centimeter ground radar has been examined for use in 
detecting regions of thunderstorm turbulence by means of data obtained 
from thunderstorm investigations conducted in Florida and Ohio. The 
data were analyzed for differences between the gust experience of 
airplanes operating within the indicated storm area and at distances 
of 2 to 5 miles from the indicated area of thunderstorm activity. The ■ 
gust experience of airplanes- operating within the\2 : - and 5-mile limits 
was assumed to be indicative of turbulence intensities in clear air . 
near the thunderstorms. .-■■■-■ . ■ ■ 

Some results, of this analysis are presented in figure 4. The ■ 
ordinate is effective gust velocity and the abscissa is average miles 
•flown to experience given effective gust velocities. -The lower line . 
represents the gust- experience of airplanes operating in clear air near 
the storm. The upper line represents the gust experience of airplanes 
operating within the area giving a radar echo. 

The gust velocities encountered in the indicated area, of thunder- 
storm activity are. in all cases greater than those encountered during 
equivalent distances of flight outside the storm. For example, an 
effective gust velocity of about 30 feet per second was encountered, on 
the average, once during. every 100 miles of flight in areas giving a. 
radar echo. A gust velocity of only about 20 feet per second was 
obtained however, for equal distances of flight in clear air near the 
storm. This represents a substantial difference in gust experience,, 
and. indicates that the ground -radar set . is . of value as a supplement to 
pilot judgment in avoiding regions of intense thunderstorm turbulence. 

The 10-centimeter ground- radar lacks mobility and. can cover pnly a 
limited area about the location of the radar set. The ' equipment also, 
lacks the ability to define the- altitude at which the. turbulence exists. 
The instrument indicates, the. distance and .the horizontal direction from 
the radar set to reflecting surfaces, , which may be at- altitudes of .5 to 
20 thousand' feet . Some implications of these characteristics of ground 
radar are shown in figure 3. . Ground radar would indicate an area of 
thunderstorm activity - similar -to the ground .pro jection of the rain core. 
An airplane flying above this ground projection of the indicated area of 
thunderstorm activity may actually be in clear air outside the storm. 

Airborne radar, .is superior to ground .radar in- that its beam or 
signal does not intercept the ■ entire 'storm, Airborne, radar indicates 
only the horizontal extent of the' storm in a layer- about 2000 feet thick 
at the flight altitude. For storms such as this, airborne radar would 
detect the altitude differences in horizontal area of the rain core. 

The area of the rain. core, is presented therefore in a form that is 
particularly advantageous for turbulence detection. Hie relations 
between areas of thunderstorm turbulence and airborne-radar indications 
of regions of thunderstorm activity have been investigated for the 
standard 3-centimeter radar and a 3-centimeter airborne radar set 
modified to indicate areas of light and heavy rain. 
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Some results obtained from flights with the standard airborne 
radar are shown in figure 5. The data are presented on a mileage basis 
as before. The gust experience of the airplane is shown for flights 
within the region of clouds giving a radar echo, in the cloud but not 
in the region giving an echo, and in the clear air •near the clouds. 

It may be noted that the results agree with those for ground radar and 
show that those areas of clouds giving a radar echo contain the more 
severe turbulence. The gust velocities are lower than those indicated 
in figure 4, however, inasmuch as the clouds investigated with airborne 
radar were large cumulus clouds but not necessarily thunderstorm clouds. 
It may also be noted that the large gust velocities are sometimes 
encountered in clouds. not giving radar echos. Some clouds or portions 
of clouds contain large gust- velocities but have too small a water 
content to.be detected. by radar. This is especially true of small 
building cumulus clouds .such as are represented by the greater portions 
of this data. .Although the standard' radar sets enable. a significant 
reduction of. gust experience, the instrumentation does not detect all 
regions of intense, turbulence. • It 'is also 'mown that- very little 
turbulence is encountered in some parts of the areas giving a radar 
echo. . .. • 

If the flight must pass through a, front or. squall line, it is ; 
desirable to detect. the smoothest possible flight path through the area. 
The standard, airborne and-, ground radar 'sets are unable to detect the 
smooth and rpugh portions- cf the rain core. .' ; An attachment for • indicating 
areas of light and heavy rain offers the most promising method for 
enabling airborne radar to perform this task. The device makes use of 
variations in .the strength of- the return signal or echo as it is usually 
called. Since the strength of the echo depends upon the number and size 
of water droplets in the. cloud, the attachment may be utilized to- block 
or erase the' stronger signals received from areas of heavy rain. 

Ah example of this type of presentation is shown in figure 6.- The 
photograph shows the usual radar method of presenting the indicated 
area of the rain core. The dark area represents the area of no rain 
surrounding the cloud. The. white portion, of the slide represent the 
areas of light rain, and the •' circles are the range- marks . The white dot 
in the very center represents the location of the airplane at the -time 
of the photograph. The signal has been cor-pietely erased m. this ■ 
portion of the storm where the heavy rain .i's -occur;--' v.g. . 

The enlarged inner portion of figure 6 is presented in figure 7, 
with the airplane position indication removed. The circle is the 
10-mile-range mark and within it' is the enlarged presentation' of the 
areas of no rain, light rain,' and heavy rain. . The interesting feature 
of this form of presentation is the variation of distances between areas 
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of no ram and heavy rain. In oua povtio'Ji of the storm, tlie contour 
indicating the beginning of light rain is very near the contour 
indicating the beginning of heavy rain. In other portions of the ' 
storm the ^distance between these same contours, the contour spacing aS 
it is usually called, is several times as great. 

Greater shearing stresses are generally associated with the regions 
of thunderstorms having a rapid rate of change from no rain to heavy 
rain.. It would appear reasonable, therefore, to expect more intense 
turbulence in the region of narrow contour spacing than in the region 
of wide contour spacing. Available data have therefore been analyzed 
to determine if airborne radar with the contour attachments is of any 
assistance in locating the areas of light and heavy turbulence in, regions 
of clouds- giving a radar echo. ■ 

Some results obtained from this analysis are presented in figure 8.' 
The ordinate is the average number of gusts greater than 10 feet. per 
second encountered in each mile of flight for contours of a given 
distance. The abscissa, is the distance between contours and the points 
represent the average number of gusts per mile for various contour 
spacings. The curve through the points indicates a rapid decrease in 
the number of gusts per mile as spacing between contours increases. These 
data would indicate that a substantial reduction of gust experience may 
be obtained by avoiding regions having a rapid rate of change of rain 
intensity. The data would indicate that the 3-centimeter airborne radhr' 
with the contour attachment is apparently of value as a supplement to 
pilot judgment in choosing the smoothest flight path through the front 
or squall line where the pilot has no opportunity to avoid the entire 
area of the rain core. ' 

The data shown would indicate that areas of intense precipitation' 
and turbulence are associated and that severe turbulence exists in 
regions containing a rapid change from no rain to heavy rain. These same 
areas are considered by some meteorologists to be. most favorable for the' 
formation of hail. Since hail is sometimes the cause of . severe damage to 
airplanes, it is also desirable to avoid regions having a serious, con- 
centration of hail. The damage to one airplane as a result of flight, 
through such an area amounted to about $25,000. Over an extended' 
period, the actual cost of hail damage plus the intangible costs result- 
ing from having an airplane inactive might represent a sizable portion 
of the cost of installing airborne radar in the airplane. 

• 

In summary, the available information indicates that the location 
and intensity of turbulent regions may he estimated upon the basis’ of' 
moteioiolognal coaei&eratioua , . These estimates, especially of location,' 
are rather crude and do not represent dependable methods for reducing 
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the gust experience of an airplane. Preliminary evaluations indicate 
that the greatest reduction of gust experience may be obtained through 
use of the 3-centimeter airborne radar with the attachment for indi- 
cating areas of light and heavy rain. This supplement to pilot judg- 
ment, although still in the preliminary stages of development, appears 
to be of value in reducing gust experience by detecting the smoothest 
flight path through fronts and squall lines. 
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Figure 1. - Low altitude turbulence as a function of the product of wind 

shear and solar radiation. 
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Figure 2. - The maximum effective gust velocity in thunderstorms as a 
function of relative temperature difference. 





Figure 3. - The visible cloud and rain core of a large thunderstorm. 
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Figure 4. - Comparison of gust experience in and near ground radar 
indication of areas of thunderstorm activity. 
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Figure 5. - Comparison of gust experience in and near airborne radar 
indications of areas of thunderstorm activity. 



Figure 6. - Airborne contour radar method of presentation. 




Figure 7. - Enlargement of the center portion of figure 6. 
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Figure 8. - Frequency of encountering large gust velocities as a function 

of contour spacing. 
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ATMOSPHERIC TURBULENCE AND ITS EFFECT ON AIRCRAFT OPERATION 
5 . SOME ASPECTS OF GUST ALLEVIATION 
By Harold B. Pierce 
langley Aeronautical Laboratory 


The effect of what flying through rough air does to an airplane 
and the people in it is familiar to most persons . Gust alleviation is , - 
ideally expected to eliminate the 'loads and stresses normally imposed .. 
on the airplane by the rough air and to make the passengers feel as 
though they were flying through calm air. Methods to fully accomplish 
these ideals for the modern transport airplane have not been developed. 
Although complete gust alleviation does not appear likely in the near ,. 
future, a partial attainment of either object appears possible arid 
would be of value. 

In order to show what effects partial alleviation can have, a cal- 
culation was made for a typical present day large transport .flying at 
15,000 feet on a thousand mile- flight which had 90 percent smooth air 
and 10 percent rough air. The results are shown in Figure 1 as the 
' average number of times an acceleration increment of, ± 1 g would be 
exceeded on this flight ,as a function of the indicated airspeed. The 
curves show the count for,. the-, airplane as is; : (.0 alleviation) and the. 
count when the acceleration from, each gust ih alleviated or reduced by 
10, 20, and 40 percent . , lb, give you' ah idea' of , how big. a bump a 1 g 
acceleration increment represents, a minus' l g increment just starts 
to lift a passenger from his seat. Thus, the number -of accelerations 
or loads counted in this .way might be of interest tp- the operator as 
a measure of meals spilled or of ^possible physical damage to the pas- 
senger if his seat belt were not : fastened . For .. the condition selected, 
this airplane did not experience 'acceleration' increments- greater than 
1 g until it flew through the rough air -at about . 225 miles ah hour 
(Figure l) . But, : as the speed was increased from 225 to 1+00 miles an 
hour, the number of acceleration increments greater than-1 g increased 
rapidly to 150, showing, how much the roughness of., the ride increases 
with speed. ... 

Although the alleviation reduces the : magnitude of . the accelera- . 
tions by the percentages shown, that' is, 10, 20, . .and 4-0 percent, the , 
effect on the number Of accelerations exceeding 1- g -is much greater. 

For instance, at 350 miles, an hour, 40 percent alleviation reduces 
the count from'' 80 to 2 or nearly 98 percent. Another use of partial 
alleviation becomes apparent when consideration is given to its ef- 
fect as the speed of the airplane is increased. If it is assumed 
that the roughness of ride in the unmodified airplane at 225 miles 
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an hour should not be exceeded at higher speeds, figure 1 shows that at 
350 miles an hour about. 40 percent alleviation of the acceleration would 
be required. It should be emphasized that these results are for an air- 
plane with all its characteristics held constant, flying at different 
speeds, through the same gust environment. In all probability, the in- 
creases of forward speed considered here would, in the actual case, in- 
volve, among other things, operation at higher altitudes with a subse- 
quent reduction in the number of gusts encountered. However, if partial 
alleviation can be obtained, it can have a pronounced effect on the ap- 
parent roughness encountered in bad weather. In addition, it should 
reduce the loads encountered by the percentage of alleviation used and 
■ hot only provide a margin of safety for the large loads but also, by 
reducing the over -all level of the loads, it should increase the fatigue 
life of. the airplane . 

This paper is concerned primarily with the alleviation of the loads 
and the stresses caused by flying through rough air. It is often con- 
sidered that an alleviation of the accelerations caused by gusts is 
synonymous with the reduction of all the loads and stresses . This con- 
: cept is not always, true, because some methods of alleviating the accel- 
ej.-ati.Qn reduce certain of the stresses but increase other stresses . 
Therefore, although the amount of alleviation of acceleration is a good 
preliminary measure of the. alleviation of load, further analysis is al- 
ways. required to be sure that the method used to alleviate the acceler- 
at ion has actually reduced the stresses . 

. t . .The majority of the loads caused by flying through rough air occur 
.during rapid motions, of the airplanes that are characterized by quickly 
applied. accelerations or bumps arid small but violent pitching and roll- 
ing motions,. Flight tests have shown that the lift changes causing 
these motions can occur in as little as a tenth of a second and at a 
frequency of from four or. .'five times a second for a. moderate speed 
transport to 10 or 11 per second for a high speed jet fighter. Thus, 
a, gust alleviator to. reduce the loads must be able to detect the gusts 
, and. act very quickly to .counteract the lift changes. 

..To simplify the discussion, the methods of s.lleviation considered 
here have been reduced into three broad categories . These categories 
are: alleviation by use of a detector and servo system, alleviation 

by -a structural deformation, and alleviation. by reduced lifting ability. 

■ Figure 2. shows several different methods of obtaining alleviation 
using, a detector -servo combination to operate a lift reducing system. 
Because it is so often proposed as a means of alleviating gust loads, 
the, autppiio.t is ..considered first. The autopilot attempts to maintain 
a constant pitch attitude of the airplane by measuring pitch angle 
changes or. pitching velocity and then .correcting for the attitude change 
of the airplane by moving the elevator . Normally a change in the angle 
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of attack of an airplane ia the same aa a change in pitch attitude, but, 
in a gust, the angle of attack change ia primarily a change in the direc- 
tion of the relative wind a.nd not a change in the attitude of the air- 
plane. Thus, if the gust pushes the airplane up or down without chang- 
ing its attitude, the autopilot can do nothing about’ reducing the load. 

In addition, with the elevator being used to correct any attitude changes, 
the whole airplane must be rotated to change the angle of attack of the 
wing. Since the gusts causing most of the loads are quickly applied and 
occur in rapid succession, it is unlikely that the elevator can rotate 
the airplane back and forth fast enough to keep up with the load appli- 
cation, When tests were made, no difference could be observed in the 
loads and motions in rough air whether a human pilot or an older type 
autopilot sensitive to pitch angle was controlling the airplane . No 
quantitative data have been obtained with the newer rate types of auto- 
pilot. 

A more direct method of changing the effective angle of attack of 
the wing than by rotating the whole airplane is to use a wing flap that 
can move up to counteract an up gust or down for a down gust. Since a 
wing flap weighs less than the whole airplane, it can be rotated much 
more quickly and should be able to keep up with the rapid angle of at- 
tack changes of the gusts. The remaining four illustrations of detector- 
servo systems shown in Figure 2 make use of the flap to reduce the lift 
on the wing. The first flap system shown measures the acceleration due 
to gusts and attempts to maintain the airplane at 1 g by moving the flap. 
The second system directly measures the angle of attack change by a vane 
ahead of the wing and attempts to cancel its effect by moving the flap. 
Since flap deflection generally produces a tendency for the airplane to 
pitch violently, the next system indicates the. addition of interconnected 
elevator ' movement to counteract the pitching moment caused by the flap. 
This elevator interconnection, of course, would not be restricted only 
to this particular flap ..system. Calculations have -.shown that dach of 
these three flap systems is a promising gust load alleviator. Because 
of their complexity, however, the model .tests have. not been made. The 
last system shown which attempts to -maintain constant altitude within 
very fine limits by moving a flap could be tested in. the ' NACA ; gust -tun- 
nel at the Langley Aeronautical Laboratory. The tests: .were made to 
check our ability to predict gust alleviation with systems, using flaps. 

The results o'f this, investigation are shown in Figure' 3 aa the 
acceleration alleviation. as a function of the distance to peak accel- 
eration or load.' The curve represents the- calculated results and the 
circled points are test results obtained in two different gusts, ' one -a 
sharp-edged gust arid one a gust whose horizontal distance to peak veloc- 
ity was about 8 chords. - ' The altitude or vertical displacement operated 
flap system showed little alleviation when the load was quickly applied, 
for the airplane model did not have time to move vertically before peak 
load passed. However, as the time or distance to maximum acceleration 
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be cane greater, the -model had more time to move vertically with the gust 
and the alleviation was greater. The other flap sys terns mentioned which 
detect acceleration or angle of attack should provide more alleviation 
in the shorter gusts . 'The agreement obtained between experiment and cal- 
culation indicates that the alleviation .obtained with a flap system can 
be predicted for the single gust. 

Although flaps can reduce the acceleration, vertical load and bend- 
ing moment on the wing, examination shows that -large moments tending to 
twist the wing are developed when they are deflected. - Figure 4 shows an 
example of the torque loads developed by the deflection of gust alleviat- 
ing flaps considered for application to a particular airplane. The re- 
sults are shown -as the applied torque- as a function of flap deflection 
in percent of the torque present with no. flap deflection. The circled 
points on the curve show the flap deflections and applied torques for- 
different amounts of acceleration alleviation. It can be seen chat 
20 percent alleviation (5 .degrees of flap deflection) increases the 
torque over 100 percent. -If the airplane were already strong enough to 
withstand this increase in torque load,, advantage could be taken cf the 
alleviation of the vertical load and the bending moments. In this. case, 
however, not even 5 percent alleviation could be obtained without add- 
ing material to the wing and a complete redesign would be necessary to 
achieve any benefits in weight saving if 20 percent alleviation were 
desired. ' 

- Considering detector -servo systems as a whole, the alleviation to 
be obtained: may be predicted quite well for a single gust. The verti- 
cal loads,, acceleration, bending moments, and torques are all amenable 
to .calculation. Unfortunately, the behavior of airplanes in sequences 
of gists extending beyond about 20 or 30 chord lengths cannot- be pre- 
dicted" -satisfactorily at present. In addition, detector -servo systems ■ 
are potential- oscillators and thus may . be susceptible to possible flut— . 
ter or divergence reactions. Little work has been done to handle these 
problems. 

The term, aeroelastic effects, is -used' to describe the structural 
deformations of an airplane, wing in flight . ' In some -cases the struc- 
tural, deformations .are favorable- and in others unfavorable . ; Gust allevi- 
ation by structural deformation takes advantage of favorable aeroelastic 
effects. -An illustration of an aeroelastic effect from which gust alle- 
viation i3 obtained is a' swepbback wing: Since the center of air load .-■ 

on the wing is outboard, on the wing and behind the wing root, when the 
wing is pushed up as though an .up gust were, encountered, the wing tip ■ 
twists down and reduces the angle, of attack. (Figure 5) . The result of 
thid downward twist in anup gu3t -la an alleviation of the loads and , 
moments on the wing. Tests were made in: the gust tunnel on- a model . 
having, a 3wep.tback wing with a stiffness, representative of the wings 
of large transport airplanes . The experimental result agreed with the 
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calculated result of 20 percent guat alleviation. However, since there 
is more reduction in angle of attack at the tip than near the wing root, 
when the wing bends the center of lift on the wing shifts inboard on the 
wing and forward. In the model tests this effect caused a nose up pitch- 
ing motion that reduced the alleviation from 20 percent to about 8 per- 
cent . 


Another system using favorable structural deformation has been 
checked experimentally in the gust tunnel. It wa3 an especially de- 
signed straight wing which twisted favorably when air loads were applied. 
Again, it was found that the reduction in acceleration was predicted 
with good accuracy, A wing of this type would be subject to aileron 
reversal effects, however, if the conventional aileron were used to pro- 
vide control. 

There probably would be a considerable amount of difficulty involved 
in designing an actual wing structure to deform in a predetermined manner- 
to provide gust alleviation. There is one big advantage to using struc- ' 
tural deformation to alleviate the guat load, however, and that is, that 
once designed for and incorporated, it is a property of the airplane it- 
self and is not dependent on the operation of detectors and servos to 
achieve the desired alleviation. 

In contrast to the detector -servo and the structural deformation 
categories of gu3t -alleviation systems which move flaps or twist the 
wing to reduce the load, the third category, reduced lifting ability, 
reduces the load by a change in size or shape of the wing. Figure 6 
shows two possible ways of reducing the lifting ability of a wing. On 
the left is shown the effect of a reduction of aspect ratio, and on the 
right is shown the effect of sweep . The area- of all the wings shown is 
the same . These curves of lift versus angle of attack are representative 
of what would be obtained in an ordinary test in a wind tunnel. The re- 
duction in aspect ratio, in this case, from 6 to 1 . 44 , reduced the lift 
for a given angle of attack change by 46 percent and sweeping the wing- 
by 45 degrees, as in this case reduced the lift about 30 percent. Since 
the wing was swept by rotating the wing panels, the aspect ratio changed 
from 6 for the straight wing, to 3 for the swept wing, and a major por- 
tion of the lift reduction is probably due to thi3 change in aspect ratio . 
All of the wings shown in Figure 6 have been investigated in the gust 
tunnel and it was foimd that the alleviations obtained could be predicted 
satisfactorily and corresponded roughly to the reduction in lift shown 
in the figure. Of course, these large values of alleviation were obtained 
under ideal test conditions where only the wing planform shape was 
changed. In actual practice, the wing area might have to be increased 
to obtain the desired high lifts necessary for reasonable landing speeds . 
-An increase in area would also proportionately increase the loads in 
gusts with a consequent reduction in the amount of alleviation to be ob- 
tained . 
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■ Another. •mQthpd of reducing- the lifting- ability that is sometimes 
considered is a spb'iler -that: ban .be left extended while flying through 
rough air. Tests in the gust tunnel indicated,- however, that the res- 
ponse' of the spoiler to the transient angle of attack change of a gust 
, .was not fast .enough' to -provide much alleviation. 

The status of. knowledge- on -gust load'-alleviation can be • summed up 
.. as ."follows The,, alleviation' to be .obtained in a single gust by use of 
almost- any. method or device can- he predicted to a fair degree of accur- 
acy and the results of some’ mc-del tests are available as confirmation. 
At present, there is not sufficient knowledge to. predict the response 
in atsuccession of gu3ts. As far as is known, there are no quantit-a- 
. . t-ive - data available from' tests of gust alleviation devices on a full- 
scale -airplane?-.- .. 
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Figure 1. - Effect of partial alleviation on the number of acceleration 
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Figure 2. - Possible detector-servo systems for reducing gust loads. 
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Figure 3. - Alleviation obtained with a dectector-servo system which 
attempts to maintain constant altitude within very small limits. 



Figure 4. - Torque load caused by deflecting flap to obtain gust allevia 


Figure 5. - Demonstration of aeroelastic effect favorable for gust 

alleviation. 
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Figure 6. - Two means to obtain gust alleviation by reducing the lifting 
ability of a wing of given size. 
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ATMOSPHERIC TURBULENCE AND -ITS EFFECT ON AIRCRAFT OPERATION 
ANALYSIS OF MEANS TO INCREASE THE SMOOTHNESS 
OF FLIC-HT THROUGH ROUGH AIR 
By William H, Phillips 
Langley Aeronautical Laboratory 


This paper is based on a theoretical study of means to improve 
passenger comfort hy increasing the smoothness of flight through rough 
air (reference l). The paper is intended simply to give an indication 
of the types of device that would have to be incorporated in an airplane 
in order to provide smooth flight through rough air. Many practical prob- 
lems in connection with the actual design and operation of such devices 
require further stud.y before it can be determined whether the attainment 
of. relatively smooth flight in rough air would be possible in practice,, 

Records of the motions of an .airplane flying in rough air indicate 
that normal accelerations are relatively large, whereas lateral acceler- 
ations and changes in orientation are relatively small,. Reductions in 
normal acceleration would therefore appear to be the most promising method 
of inroroving passenger comfort,, In this paper the tendency of airplane 
motion to cause airsickness will be used as a criterion of passenger com- 
fort.. Some research was conducted at Wesleyan University in Connecticut 
to determine the relative importance of oscillations of various frequencies 
in producing airsickness (reference 2) 0 In these tests a large group of 
men 'was subjected to vertical oscillations in a device similar to an eleva- 
tor, Some of the results obtained in these tests are shewn in figure 1. 
This figure shows the percentage of men who became sick within an interval 
of 20 minutes when they were subjected to oscillations of various fre- 
quencies, These data show that oscillations with. a frequency of about 
1/4 cycle per. second caused the most sickness, and that oscillations with 
the highest frequency tested, about l/2 cycle per second, caused relatively 
little' sickness. It is unfortunate that the data do not extend to still 
higher frequencies, of the order of 1 ; or 2 cycles per second,, inasmuch as 
many of the oscillations produced by rough air are in thin higher frequency 
range. Nevertheless, these data appear to indicate that oscillations of 
relatively low frequency, or long period, are more likely to .cause air- 
sickness than oscillations of high frequency, or short period. In the 
design of a device to improve passenger comfort, therefore, it may not be 
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necessary to emphasize the redaction of response to gusts of very high- 
frequency. 

Two methods of acceleration alleviation will he considered from the 
standpoint of improving- passenger comfort, One of these methods is pitch- 
ing the whole airplane fry means oi the elevators to maintain a constant 
angle of attack during passage through gusts . The other is the operation 
of flaps on the wing "by means of an automatic control system to offset 
the lift increments caused hy gusts. 


In calculations of the response to gusts*, the airplane was assumed 
to fly through sinusoidal gusts. of various wave lengths- Theoretically, 
■any actual gusts could he resolved into sinusoidal components of this 
type and- -the resulting acceleration of the airplane could he computed by 
adding these effects of the sinusoidal gusts separately., 

■ For comparison with later calculations that show the effect of de— 
vices intended to reduce the accelerations caused hy gusts* the response 
: of a typical transport airplane to gusts is shown in figure 2. 'This fig- 
ure shows the normal acceleration and pitching velocity of a conventional 
transport airplane flying at a speed of 200 miles per hour encountering 
vortical gusts of various wave lengths. The amplitude of the gusts was 
taken' as 5„1 feet, per second, a value which produces an anglo—of— at uack 
■change of 1„0 degree at 200 miles per hour. The accelerations caused hy 
gusts of any other amplitude would, of course, vary in proportion to the 
' amplitude, The figure indicates that for gust frequencies greater than 

■ 1 cycle per second the airplane experiences accelerations approaching a 
constant magnitude equal to that which would result from tho lift imposed 

. on- the wing hy .an angle of attack equal to that resulting from the gust. 

At 'lower .frequencies the acceleration decreases as a result of vertical 
motions of the airplane. The pitching velocity resulting from the gusts 
is low, 

'. In .order to. study "tho. possibilities of different systems of accel- 

: eration alleviation it is helpful to consider the control motions that 
would he required theoretically to produce zero acceleration of the cen- 

■ ter of gravity during flight through gusts. Elimination of the vertical 
accelerations docs not necessarily avoid pitching of the airplane. There- 
of ore pitching motions resulting with' the different methods of control are 

also of interest. The elevator motion required to produce zero accelera- 
.' tion of the center of gravity in flight through gusts of various frequen- 
cies and the resulting pitching velocities are shown in figure 3c- ~" ie 
elevator motion required increases almost linearly v/ith frequency and 
reaches very large values at high frequencies. In addition it is found 
that the phase angle of elevator motion, not shown in tho figure, must 
anticipate the angle— of— attack variation due to the gusts hy large amounts 
Such large phase leads are difficult to obtain in practice and indicate 
the reason for the inability of a human pilor to successfully counteract 
the effects of gusts. The pitching velocities shown in this figure also 
reach very high values. These high values of pitching velocity result 
from the fact that with elevator control it is necessary to rotate the 
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whole airplane to maintain a constant angle of attack daring passage 
through the gusts. These large pitching velocities are undesirable be- 
cause the accompanying pitching accelerations cause changes in vertical 
acceleration' at points some distance from the center of gravity. For 
example, in this case the amplitude of vertical acceleration at a point 
two' chord lengths from the center of gravity would be greater than that 
of the basic airolane with no acceleration alleviator at frequencies 
greater than two cycles per second. The use of elevator control there- 
fore does not appear very promising as a means for producing smooth flight. 
There is a possibility, however, that the use of elevator control might 
have a beneficial effect in offsetting the low-frequency components of the 
oscillation which were shown previously to bo primarily responsible for 
airsickness. 

It might be thought that operation of the flaps to offset the lift 
increment caused by gusts would overcome these objections because tho flaps 
can produce lift increments without the necessity of rotating the entire 
airplane. The flap motion required to. produce zero acceleration of the 
center of gravity and the resulting pitching velocity are shown in figure 
4, For these calculations it was assumed that the landing flaps were 
used as the acceleration alleviating device. These results show that the 
pitching motions produced by the use of the flaps are even larger than 
those produced by the elevator. These large pitching motions result 
mainly from the action of the downwash from the flaps on the tail. This 
downwash acts in the same direction as the gusts and therefore produces 
large pitching motions of the airplane. Furthermore, in certain frequency 
ranges the phase relationship of those' pitching motions is such that the • 
anglo-of-attack change of the airplane adds to that of the gusts and as 
a result still more flap deflection is required to offset tho acceleration 
increments. These results indicate that the use of conventional trailing- 
edge flaps for acceleration alleviation is not likely to prove successful. 

An understanding of the flap characteristics required to offset the 
accelerations caused by gusts may be obtained by considering tho sequence 
of events that occurs when the airplane penetrates a gust. The airplane 
is assumed to fly into a region in which a vertical gust velocity exists. 
When the wing penetrates the gust tho flaps must move up to produce lift 
in the opposite direction. In order to avoid undesirable pitching motions 
of the airplane, however, the moment about tho wing aerodynamic center 
caused by the flap deflection must be zero. Then v/hen the tail penetrates 
to the region of tho gust the downwash from the flaps should be just equal 
and opposite to the gust velocity so that no additional moments will be 
applied to the airplane by the tail. Such characteristics are not ob- 
tainable with ordinary flap designs. The provision of zero pitching mo- 
ment about the wing aerodynamic center might bo obtained by linking the 
elevator, or a portion of tho elevator, to deflect in phase with tho 
flap in order to offset the flap pitching moment.- Tho desired downwash 
at the tail, which is opposite from that normally resulting from flap 
deflection, might be obtained by linking a portion of tho flap near the 
fuselage to deflect in tho opposite direction from the main part of the 
flaps further outboard. 
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In order to calculate the reduction of accelerations caused by 
automatic operation of- the flaps during passage through gusts, the gust- 
sensing device required to operate the flap.s must bo considered. Studies 
have been made of the use of a vane mounted ahead'-. of the airplane to de- 
tect gusts and of the use of an accelerometer to detect the airplane mo- 
tion caused by gusts. The type of mechanism contemplated using the vane- 
typo sensing device is shown in figure 5* The mechanism shown is just 
one of many possible arrangements that might be used* If the airplane en- 
counters a gust, the vane deflects upward and operates a booster mechanism 
which causes the flaps to move upward,. The linkage to the control stick 
shown in this figure requires further explanation,, normally, control of 
the airplane is accomplished by changing the angle of attack as a result 
of elevator deflection,. Any device which offsets the lift increments • 
due to change in angle of attack will prevent the pilot from maneuvering 
the airplane by means of the elevator* This difficulty may be overcome 
by, linking the control stick to the flaps as well as to the elevator,. 

When the pilot makes a pullup with such an arrangement, . a rearward mot.ion 
of the stick causes the flaps to move down, producing lift in rho desired 
direction* Then, as the airplane responds, the flaps move back to their 
neutral position as a result of the angle-of-attack change produced by 
the vane* 

The reduction of accelerations caused by rough air obtainable by use 
of such a device is shown in figure 6* The characteristics of the basic • 
airplane are shown for comparison* It is seen that the acceleration may 
be reduced to about one-fifth of the values experienced by the basic air- 
plane while pitching velocities remain low* 

The .stability and control characteristics of an airplane equipped 
with a device of this kind are shown by the response to an abrupt control 
movement* It is desired that following such a control movement the air- 
plane should quickly reach a steady value of acceleration without over- 
shooting. or oscillating* 

The response to control movement of an airplane equipped with the 
vane-type- acceleration alleviator is shown in figure 7« The elevator 
is assumed to be suddenly deflected and held in the new position* The 
resulting .motion of a typical transport airplane is indicated by the 
dashed- lino for comparison* When the airplane is equipped with the de- 
vice discussed previously, a much more rapid response is obtained be- 
cause of the production of lift immediately when the flaps are deflected,* 
Nevertheless, the motion is very stable and shows no tendency to over- 
shoot the. final acceleration* The reduction of lag following a control 
deflection is thought to be an advantage, though actual flight tests 
would be required to determine pilots’ opinion of this characteristic 

It. is apparent - that the incorporation of a device which provides 
smooth flight in rough air would require rather complicated additional 
mechanisms not provided at present though 'the external appearance of 
the airplane would be little changed,. The possibility that interaction 
between the flap-operating mechanism and structural oscillations might 



prodace flatter requires farther investigation, nevertheless, the 
promising results obtained in the theoretical investigation indicate 
that experimental work to verify these results would he desirable. 
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Figure 1. - Results of experiments on motion sickness. 
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Figure 2. - Response of a typical transport airplane to sinusoidal gusts 

of various frequencies. 
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Figure 3. - Elevator motion required to produce zero acceleration of the 
center of gravity in flight through sinusoidal gusts of various frequen- 
cies, and the resulting pitching velocity. 
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Figure 4. - Flap motion required to produce zero acceleration of the 
center of gravity in flight through sinusoidal gusts of various frequen- 
cies, and the resulting pitching velocity. 
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Figure 6. - Response of an airplane equipped with acceleration alleviator 
to sinusoidal gusts of various frequencies. Characteristics of basic 
airplane shown for comparison. 
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Figure 7. - Response of an airplane equipped with acceleration allevia^ 
tor to an abrupt step motion of the elevator control. 
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SOME ASPECTS OF AIRCRAFT SAFETY -'ICING, DITCHING AND FIRE 

7 . METEOROLOGICAL FACTORS IN THE DESIGN AND OPERATION OF THERMAL 
ICE PROTECTION EQUIPMENT FOR HIGH-SPEED, 

HIGH -ALTITUDE TRANSPORT AIRPLANES 

By William Lewis 
U. S. Weather Bureau 


The first successful thermal anti -icing systems were designed and 
built without the benefit of exact knowledge concerning the. physical 
characteristics of the meteorological conditions in which they were 
expected to operate . The need for such knowledge was clearly recognized, 
however, and research was undertaken by the NACA to determine the prob- 
able range of values of each of the pertinent meteorological variables. 
During the past few years sufficient measurements have been made to 
allow approximate definition of the characteristics of the most severe 
conditions likely to be encountered in certain types of weather situa- 
tions. At the same time, methods have been developed for the determin- 
ation of heating requirements for various airplane components when the 
meteorological variables are specified. 

With these developments ha.s come the realization that it is not 
feasible to provide sufficient heat to prevent all ice formation in all 
possible icing conditions. It i3 necessary, therefore, for the design- 
ers to consider the probabilities that the airplane will encounter con- 
ditions of varying degrees of severity, and assume a calculated risk in 
basing the design on something less than the most severe icing conditions 
that might possibly occur. 

Now the probability of encountering conditions of a given severity 
is obviously dependent upon the operating conditions, including such 
factors as geographical area and preferred flight altitude. It ia also 
dependent upon the extent to which flight procedures are modified in 
order to avoid icing conditions or minimize their severity. This latter 
factor, in turn, depends upon the effectiveness of the anti -icing system. 
It is evident therefore, tha.t the problems of design and operation are 
closely interrelated. The question of the extent to which it is prac- 
ticable and desirable to reduce the design requirements because of reli- 
ance on the ability of the pilot to avoid the most severe and extensive 
icing conditions demands careful consideration. This matter is especi- 
ally important for high-altitude airplanes. 

The principal difficulty in a determination of the ice -protection 
requirements of high-altitude airplanes is due to the fact that nearly 
all of the data on icing conditions now available are from observations 
at altitudes below about 20,000 feet. It is necessary, therefore, to 
■make an estimate of conditions to be expected at higher altitudes, 
which will serve as a tentative basis for anti -icing design until actual 
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measurements , taken if possible during norma], operations,' can -provide 
more exact information. y • 

The meteorological factors which are important in a consideration 
of icing conditions aE v e . liquid water content , cloud drop size, air tem- 
perature and air density. The severity of icing is obviously directly 
proportional to the liquid water ■ content when all other factors are re- 
garded as constant. Furthermore, f’or any -particular value of liquid 
water content, the rate at which wader, is intercepted by a moving ob- 
ject, the area ever which the impingement occurs, and the distribution 
of waxier collection over this area are dependent upon a combination of" 
factors including the average drop size, the distribution of drop' sizes 
about this average,. the air speed, the altitude, and the sizd and shane 
of the object. The rate of water interception, or the rate of ice 
formation, per unit .area normal to.' the. flight: path, is equal.- to the ..- 
product of the liquid water content, the true .airspeed and a factor 
called the collection, efficiency, which is a function of drop size, 
airspeed /' and the. geometrical configuration of the airplane component 
Since pilots customarily observe' the thickness of ice in inches and' 
values of liquid water content are usually expressed in grams ,pex : cubic 
meter, it may be noted that the thickness of ice in inches’, which- is" 
collected during- 13 in lo s of flight is approximately equal to - 'the- ■ 
liquid water cofttent in grams per cubic meter times the collection effi 
ciency. 

Unlike liquid water content and drop size'/ the effect of. tempera - 
t-ure on the severity of- icing- as' experienced- by ah unheated, airplane is- 
quite different from. its effect on the. difficulty of ice prevention by 
means of heat. In. terms, of thermal ice .prevention, the severity of. 
icing increases continuously as the temperature is reduced. On an un- 
heated surface, on the other ho.nd : . ice which forms at very low tempera- 
tures usually has a smooth and pointed form, and has a less unfavorable 
effect on the performance of the airplane than the rough and irregular 
shapes which form at only a- few degrees below freezing. : 

In- the case of high-speed' airplanes , the effect of kinetic heating 
in maintaining the temperature of the airplane above the free -air tem- 
perature is quite important; Tests have, shown that in air containing 
water drops, the amount of the kinetic temperature rise is about 
90 percent of that which would be produced by bringing the air to rest 
by a saturated -adiabatic process . This effect is illustrated in Fig- 
ure 1. In the construction of this figure, it was assumed that the 
freezing level va3 at 10,000 feet pressure, altitude and the lapse rate 
of air containing liquid water dx’ops was moist -adiabatic . Under these 
conditions the curve indicates the relation between true airspeed and 
the temperature and pressure -altitude at which the leading-edge surface 
would be at 32° F, which of course, i3 the critical condition for the 
onset of icing. It is seen that an airplane flying at 500 mph would-: 
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have to reach an altitude of 17 , 000 feet when the temperature is 6° F 
before icing would be experienced. 

Nearly all of the data now available on liquid water content and 
drop size in icing conditions have been obtained using airplanes with 
a practical service ceiling of about 20,000 feet. Hence, any estimate 
of conditions likely to be encountered at higher altitudes must neces- 
sarily be based on extrapolations. Moreover, nearly all of the obser- 
vations were made during winter and spring, while it is expected that 
the most severe and frequent icing conditions at higher altitudes may 
occur in summer. Under these circumstances, the best that can be done 
at present is to examine the data now available and proceed with caution 
to extrapolate to higher altitudes . 

Nearly all flight measurements of cloud drop size have been made 
by means of the rotating cylinder method. This method yields what is 
called the "mean -effective diameter", which is believed to be approxi- 
mately equal to the median of a volume distribution. When the mean- 
effective diameter is known, the rate of water interception can be cal- 
culated with reasonable accuracy. The maximum area of drop impinge- 
ment, however, is determined by the size of the largest drops, and. is 
therefore dependent also upon the distribution of drop diameters.- 

An examination of available data on mean-effective diameter, taken 
in various parts of the United States shows the existence of a signifi- 
cant variation with geographical location. Measurements made along the 
Pacific coast show larger values of drop diameter, both average and 
extreme, than are observed in other parts of the country . This effect 
is believed to be due to differences in the kind and number of conden- 
sation nuclei, the hypothesis being that air which comes from over the 
ocean contains a small concentration of large condensation nuclei, 
probably composed of sea salt. If this is true, a tendency to large 
drops would be expected generally over the sea and along coasts having 
prevailing on-shore flow . 

Data from cumulus clouds in all areas and from layer clouds on the 
Pacific coast do not reveal any significant variation of mean-effective 
diameter with altitude. Observations in layer clouds in eastern U. S., 
however, definitely indicate an increase in drop size with increasing 
altitude. These results are shown in Figure 2. On this figure are 
shown smoothed distribution curves for observations of mean-effective 
diameter in layer clouds in eastern U. S. at altitudes above and below 
10,000 feet. The ordinates represent the percentage of observations 
lying within a 2 -micron range. It is noted that the observations from 
above 10,000 feet show a higher average diameter and a greater varia- 
bility, with higher frequencies in the range from 14 to 30 microns . 
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The characteristics of these distribution curves may be described 
by means of certain statistical parameters as 'shcwp.. These are the mode, 
or most frequent value, the median, a value such that half the observa- 
tions are above and half below, and tile fifth., and ninety -fifth percen- 
'-4_i.es which mark the lowest and highest 5 percent- .of the observations . 

It is also -noted that, • although the higher -altitude observations have a 
• greater median and mode, the 95th percentile is nearly the.-. same, indi- 
cating that tnere is little- change with altitude in the probability of 
encountering very large drops, • 

. Figure 3 (table) shows values of some statistical parameters for 
uhe distriDutions of ooservations of mean-effective diameter in cumulus 
clouds and layer clouds in the Pacific coast. region and in eastern 
United States. It is 3een from this table that median and modal values 
of drop diameter in layer clouds on the Pacific coast. are. ndt greatly 
different from the higher -altitude observations in the eastern U. S., 
but the range is much greater. The 95 th and.. 99 th percentile values are 
44 . and 67 microns for the Pacific; coast as compared with 23 and 29 for 
higher altitude layer clouds in the east. .Cumulus clouds shew larger 
median and. modal values than layer clouds in Doth, areas, but in the 
Pacii ic -.-coast area, the largest extreme values ere in layer clouds . 

. • Due to inaccuracies in the multicylinder determinations of large 
values of mean-effective diameter any indicated .values over 55 microns 
are guise uncertain. The shape of the distribution curves, however, 
gives a reasonable basis' for inferring, that values of mean -effective 
diameter. exceeding 50 microns occur in about I percent of Pacific coast 
clouds,-.- although the actual values cannot-. be.. reliably measured. The 
fact, that precipitation sometimes' occurs in! maritime climates without 
;_he -appearance of the ice phase id furvher evidence of the possibility 
of the formation of large drops. In view, of these facts,.- it is believed 
that -values of- mean -effective drop diameter exceeding 100 or even' 200 
microns might occasionally be encountered in coastal areas or over the 
sea . , - ■' ■' 

It has been observed that unusually large values of mean -effective 
diameter are : associated with low values of liquid water content and that 
the values of drop diameter associated with' high, yalues ofv. liquid ’water 
content;; &o not differ greatly from the avepqgp,. ? Hence, the designer of 
ice -protection equipment must provide for two .-types of conditions-': -high 
values of liquid water content associated with ..average values -of drop 
diameter, and high values "of loSari-ef^ective diameter associated with low 
liquid -water content. ' - ; .......' ..... 

Since the maximum heating requirements' for. ice -.protection are a'sao- 
_®i®-ted with maximum values- of liquid, water content,,-, it would- appear ! 
reasonable to use an average valiie of drop size, for example, 15 to 20 
microns for the calculation of total heating requirements. On the other 
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hand, since values of drop diameter from about 25 to 40 microns occur 
in about 5 percent of clouds, it would seem advisable to consider drop 
diameters of 30 to 40 mi crons. in determining the extent of areas to be 
heated . 

In view of the facts that accurate and reliable measurements of 
extreme values of drop diameter are not now available and that the fre- 
quency of encountering such conditions is uncertain, it would probably 
not be necessary to consider values’ of mean-effective diameter greater 
than about 50 microns a3 design criteria until reliable data become 
available, unless experience 3hould‘ indicate that, designs baaed on 
smaller values are inadequate . 

In a study of the distribution of liquid water in clouds as a fac- 
tor in aircraft icirig, it is convenient to divide all clouds into two 
general classes, cumulus clouds and layer clouds. Cumulus clouds are 
large in vertical extent, small in horizontal area, and cover only a 
relatively small fraction of the total air mass . Layer clouds may be 
further divided into three types; first, stratus and strato -cumulus 
which generally form near the surface and rarely extend to more than 
6 or 7 thousand feet above the ground; second, alto -cumulus, consist- 
ing of layers a.t higher levels which may be quite extensive. These 
layers are usually less than 2,000 feet in vertical extent and only 
rarely exceed 3,- 000 feet. The thicker layers usually show a strong 
tendency to change to. ice crystals . The third main type of layer cloud 
is alto-stratus. These clouds are usually associated with large storm 
areas and are often very large both in vertical and horizontal extent. 
Alto-stratus clouds do not cause appreciable icing as they are composed 
almost entirely of ice crystals. 

Figure 4 presents frequency distributions of observed values of 
liquid water content in layer-type cloud3 . These data have been divided 
into three groups on the basis of altitude: first, observation from 

below 10,000 feet pressure altitude, second observation above that level, 
and third, the highest altitude range for which enough observations were 
available to give some idea of average conditions. Looking first at the 
data for eastern U. S., it is noted that a large majority of the obser- 
vations were at altitudes below 10,000 feet, due to the predominance of 
strato -cumulus clouds formed in the upper part of the surface turbulence 
layer. Actually more than half of all the observations were in the al- 
titude interval between 3,. 000 and 6,000 feet. The alto -cumulus clouds 
in the region above 10,000 feet show a lower average liquid water con- 
tent and low relative frequencies of high values . This tendency toward 
lower values continues in the small groups of 12 observations from above 
14,000 feet. 

The data from the Pacific coast and Plateau area show the effects 
of higher terrain. The zone of strato -cumulus clouds extends to above 
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10 , 000 feet in this area and aa a result there is not much difference in 

the distribution for altitudes above and below 10,000 feet.- The obeer- 

^ vations from the highest altitudes at which data are available, however, 
show the sane tendency towards lower values of liquid water content that 
was noted in the data for eastern U. S. 

In order to make a reasonable estimate of conditions to be expected 
at higher altitudes it is well to consider the physical processes of 
cloud formation in search of some reliable basis for extrapolation from 
the available data. With- the exception of alto-stratus cloud systems, 
layer clouds are generally formed by lifting through a limited altitude 
range, rarely exceeding 3 >000 feet above the condensation level. If it- 
is assumed that the average, vertical displacement which occurs during 
the formation of . layer -type clouds is independent of altitude and tem- 
perature, then the liquid water . content would be expected to diminish 
with temperature in conformity.. with the decrease in water vapor .avail- 
able for condensation. 

It is also to be expected that average and extreme values of liquid 
water content should be influenced by the probability of the formation- 
of ice crystals, since the transformation of water to ice results in. -an- 
immediate and rapid reduction in the liquid water content.. There is- con- 
siderable controversy at present concerning the mechanism of Ice forma- 
tion in clouds, but it i3 generally agreed that the relative frequency, 
of occurrence of ice crystals increases as the temperature is reduced. 

At the temperatures which prevail at altitudes’ above 20,000 to 25,000 fee 
layer clouds are usually composed of ice crystals. The supercooled cloud, 
layers which do occur at these levels are usually of small vertical ex-, 
tent and low liquid water content . There appears to be a strong tendency 
for thicker and more dense layers to go over into ice crystals. 

Figure 5 shows the .percentage of layer clouds -containing measurable., 
liquid water in which ice crystals were also present. Unfortunately,-, 
quantitative data are not available on the relative frequency of layer 
clouds 'composed' entirely of icr crystals, but the general impression from 
many observations- is that at low temperatures these are more prevalent 
than with mixed or liquid clouds. These data indicate that in the tem- 
perature range, near -10° F the frequency of, ice crystal formation in- 
creases' rapidly. . 

These considerations would lead us to expect that the liquid water- 
content of - layer clouds would, continuously diminish with lower tempera- ' 
ture, -this decrease being especially rapid in the neighborhobd of +10° F.- 
Figure 6 presents the results of an analysis of data from layer clouds 
in eastern U. S. Frequency distributions of the greatest value of liquid 
water content observed during each encounter with icing were obtained 
for temperature intervals of 10° F. These distributions were fitted to 
Gubmel's extreme -value distribution curve to obtain the most probable- 
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maximum value per encounter (the mode) and the greatest value to be ex- 
pected in 20 encounters (the 95 percentile). These quantities were then 
plotted as functions of temperature and the curves extrapolated to -k0° F. 
The results are about what was to. be expected except for. the decrease in 
maximum liquid water content at temperatures close to freezing. This 
effect is believed to be due to the fact that the observations at higher 
temperature were often so close to the ground that there was not suffi- 
cient lifting to produce high values of liquid water content. The de- 
crease in liquid, water content at temperatures near 10° F is shown very 
clearly . 

The extrapolated portion of these curves covers the temperature 
interval from -10° to -40° F which is the range in which icing is most 
likely to occur at altitudes between 20,000 and 30,000 feet. This extra- 
polation i3, of course, uncertain but it gives a rough idea of conditions 
to be expected at high altitudes . The curves are terminated at -k0° since 
recent laboratory investigations- have shown that ice crystals are almost 
certain to occur at temperatures below -40° F. Since the liquid water 
content in layer clouds is primarily dependent on temperature rather than 
altitude, a considerable variation with season and latitude is to be ex- 
pected. It is estimated that in tropical regions and in the U. S. during 
summer maximum probable values would be .5 §/m3 at 20, 000 • feet and .1 g/m^ 
at 30,000 feet. In northern latitudes and in the U. 8. during winter, 
the estimated maximum values are les3 than .2 g/m3 at 20,000 feet and 
zero at 30,000 feet. 

Consider now the problem of estimating the liquid water content of 
cumulus clouds at high altitudes . Frequency distributions of liquid 
water content in cumulus clouds are shown in Figure 7 • The data for 
the Pacific coast show higher average and extreme values for the alti- 
tudes above 10,000 feet, with a tendency for high extreme value evident 
even above 14,000 feet, although- the average is lower in this case . 

These data cannot be used as a basis for extrapolation to higher alti- 
tudes, however, since clouds of this type in this area are common only 
in winter and spring and seldom extend to altitudes much, above 15,000 feet 

In the data from eastern U S. and the plateau area, the number of 
observations from below 10,000 feet were too small to provide a repre-r 
sentative sample. Data .from higher altitudes from both areas were com- 
bined since both contained observations extending to considerable alti- 
tudes and together they provide a sample large enough for 
analysis. These distributions.,, unlike those from the Pacific coast, 
show a tendency for lower extreme as well as average ; values at the maxi- 
mum altitudes. 

The problem of estimating the maximum liquid water content at high 
altitude is more difficult- for cumulus and cumulonimbus clouds than for 
layer clouds . Since cumulus clouds are composed of air which has been 
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lifted from near the surface, the limitation on moisture content due to . 
low condensation temperature which exists in layer clouds, does not ap- 
ply in this .case'. Calculations based on adiabatic lifting, without mix- 
ing or ..precipitation-, -indicate that extremely high' values of liquid 
water content. would be found at altitudes of from 20 .to 30 thousand feet. 
In actual, clouds, however, mixing .with- dry air from the environment and 
the formation -of; solid precipitation both act to reduce the liquid water 
content, so that , in practice', the theore bically -possible high, vadues -are 
very unlikely- to . be encountered.. It has been estimated that: rhe maximum 
values ' of liquid/water -content likely to occur- under extreme circumstances 
are 5,g/m- at 32° F. and A g/m.3 at iA° F. Such conditions could occur 
only in cumulus clouds formed of extremely warm and moist air originating 
near the surface and extending to 20, 000 . to 25,000 feet without precipi- 
tation. They would be highly localized and of brief duration and limited 
to certain geographical areas and seasons. 

At lower • .temperatures , the reduction of liquid water content due to 
the formation of ice" crystals' is a factor of increasing importance, as 
shown in Figure 8..- -This figure gives the frequency of observation of 
ice crystals in cumulus clouds, expressed as the percentage of the- total 
number of observations with measureatle liquid water ' content . A high 
probability of ice formation is indicated for temperatures below about 
-5° F. Visual observations of individual cumulus clouds and a study of 
lapse time motion- pictures of growing. cumulus clouds indicate that when 
the rising columns reach an altitude where the temperature is in the . 
neighborhood of 0° F, the transformation to ice crystals is usually 
evident within about 10 or 15 minutes, unless the cloud is dissipated 
in a shorter time by mixing with the environment. Under, conditions of 
strong convective activity, extending to. altitudes where the temperature, 
is below? 0° F,. the upper portion of most clouds are composed of ice crys- 
tals or ice .and water mixed, while only, the most recently formed and 
actively -growing are' composed mainly- of liquid water. . 

Additional. information concerning the icing conditions to he expected 
in summer cumulus- clouds at high altitudes is contained in 'the report of '• 
the Thunderstorm Pro ject. Icing was; reported in only about one -half of 
the traverses at altitudes- of from 20,000 to 26,000 feet, while heavy 
Icing was reported in about 5 percent. It may be inferred from this 
that in about one -half of the clouds, the liquid water had been almost 
entirely transformed to ice, . while.. only 5 percent were relatively unaf- 
fected by ice formation. Moreover, concerning heavy icing, the report 
states "Heavy icing- was encountered very infrequently,' and on-nc occasion 
during the two seasons of operation did ice accumulate to. such an extent 
as to make impossible -safe flight in the P-61-C airplanes. In almost 
every instance, the airplanes were in the clear air between traverses 
for a period sufficiently long to allow the ice to evaporate." The- prin- 
cipal reason for the small total ice accumulation is the small size of ■" 
the individual- areas of heavy Icing. 
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Radar data analyzed by the Thunderstorm Project have been used to 
estimate the total percentage of cumulonimbus Cloud cover at various 
levels in conditions of airmass Thunderstorm formation. The results 
are shown in Figure 9. These curves should not be regarded as precise, 
due to several approximations and assumptions involved in the analysis, 
but they are believed to provide a reliable indication of the order of 
magnitude of cumulonimbus cloud cover and its variation with altitude . 

The solid curves represent average and maximum radar cloud coverage, 
while the dashed curves represent visual cloud area on the basis of the 
somewhat doubtful assumption that the average ratio between radar and 
visual area, as determined by airplane flights at 10,000 feet, is ap- 
plicable at all altitudes. Since heavy icing occurred in only 5 per- 
cent of high -altitude, traverses, it may be inferred that areas of heavy 
icing amount to only 5 percent or less of the areas of cloud cover shown 
here. Thus-,- under conditions of strong convective activity, heavy icing 
conditions would cover less, than 1.5 percent of the airmass at 20,000 feet 
and less than 0.5 percent at 30,000 feet. 

Another important point in connection with icing conditions in cumu- 
lus clouds is the effect of kinetic heating. For example, at a true air- 
speed of 400 mph, kinetic heating will prevent icing at temperatures 
above 16° F. The formation of ice crystals, on the other hand, may be 
expected to reduce greatly the frequency of occurrence of high values of 
liquid water content at temperatures below -5° F. This leaves the inter-' 
val from 1 6° F to -5° F as the most probable temperature range for severe 
icing for high-speed airplanes. Under conditions favorable for the growth 
of summer cumulus clouds, the corresponding pressure -altitude range is 
from about 20,000 to 26,000 feet. 

Although it is believed possible that values of liquid water content 
as high as k g/nP may sometimes occur in this temperature range, it is 
very highly improbable that such conditions would be encountered during 
normal opers.tions . 

Figure 10 shows the values of liquid water content and drop size 
chosen for use in the calculation of heat requirements in the following 
paper . (Part 8). These values are based on data for layer-type clouds.' ' 

The first condition is somewhat milder than the heaviest icing condition 
to be expected in layer clouds below 10,000 feet, but it is believed to 
be adequate in view of the fact that the airplane will be below 10,000 feet 
for only a small part of the time. The second condition is conservative 
in view of the fact that it, too, applies only to climb and descent. -The 
third and fourth conditions apply to the high -altitude region for which 
conditions must be 'estimated . They both are believed to be quite con- 
servative as to liquid water content but perhaps not as to drop size. 

An ice protection system designed for these conditions would in all 
probability function adequately in practically all icing conditions likely 
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to "be encountered • in layer-type clouds. It should he remembered,” however, 
that occasional encounters' with- cumulus clouds may occur. Though such 
encounters would he infrequent- and of short duration, they would produce 
a very: severe overloading of the anti -icing system, and would probably 
result in the formation of residual' ice on wing and tail surfaces back •” 
of the .'heated areas. The’ questions of what effect such ice formations 
might have on performance, "and how they might be removed if the effect 
is serious, .are problems • deserving careful consideration. Similar prob- 
lems may arise, in connection: with infrequent ^encounters with clouds com- 
posed of - very .large drops . • 

To summarize, icing conditions at high altitudes occur in two cloud 
types; alto cumulus layers with large horizontal extent, small vertical ' 
thickness, and low- liquid water content; and cumulus and cumulonimbus 
clouds with small horizontal area, great- vertical extent, and highly 
variable liquid water content with a small percentage of clouds having 
high maximum values of liquid water content. 

•- Prolonged flight in alto -cumulus layers •may easily be avoided’ in- 
most cases by a change of altitude, since the layers are small in verf-i-' 
cal thickness. On the other hand, the young, rapidly -growing cumulus 
cloads with high liquid water content are easily recognized by their ’ 
appearance, and since they cover only small areas, they probably can be 
circumnavigated in most cases, at least during daylight hours. The total 
percentage of time in. icing conditions during high -altitude flights, can 
thus probably be reduced to very low values by suitable meteorological 
navigation. 

Just how much can be accomplished in this manner in reducing both 
the maximum intensify-, and total duration "of icing encounters must be : ’ 
determined by flight experience in actual operating- conditions. It is 
therefore highly desirable that records of liquid water content be ob-- i 
tained during regular transport operations. Such records would provide 
the data necessary for the- accurate determination' of the probability of 
encountering various values of liquid water content," the probable’ extent 
of icing encounters and the percentage of flight time in icing.’ ; 

To meet the need for data of this kind, the lewis ’-Flight Propulsion 
Laboratory has developed • two type 3 of recording instruments for measuring ’ 
liquid water content. These instruments are now being installed on’ air- 
line planes for the collection of data during normal flight operations-. 
Figure 11 shows one of these instruments, which is a 'modification of the 
rotating-disk type of icing rate meter which was originated at the Massa-’ 
chusetts Institute of Technology. The ice which forms -on the -front edge - 
of a rotating disk is measured by a thickness gage and removed by a 
scraper as it passes around the rear side. 
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Figure 12 3hows the other instrument, a pressure -type instrument 
developed at the Lewis Flight Propulsion Laboratory. This device con- 
sists of a tube vi^h a series of small holes facing the air stream. When 
ice forma ^.on plugs the holes, the decrease in pressure turns on a heat- 
ing current which melts the ice. .Then the holes are clear, the increase 
13 pressure turns off the heat and the cycle i 3 repeated . The length of 
time required for the ice to form is used as a measure of the icing rate. 
The heating cycle is recorded on a film and is also indicated by a light 
on the instrument panel which gives the pilot a useful visual indication 
of the icing rate . 

These, and perhaps other instruments, when used during regular oper- 
ations, will provide the data necessary for the design of anti -icing 
systems which will provide adequate protection with the lowest possible 
penalties in terms of peri or-mance and payload. 
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STATISTICAL DATA ON CLOUD DROP SIZE 
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SOME ASPECTS OF AIRCRAFT SAFETY - ICING, 

DITCHING AND FIRE 

8. THERMAL ICE PROTECTION FOR HIGH-SPEED 
TRANSPORT AIRPLANES 

By Thomas F. Gelder and Stanley L. Koutz 
Lewis' Flight Propulsion Laboratory 


The need for protecting aircraft against icing and the opera- 
tion of current thermal methods of protection in the air-transport 
operation field are well known. The advent of the high-speed, 
high-altitude, gas -turbine -powered transport presents certain new 
considerations in the attainment of protection and the operation 
of these aircraft in icing conditions. -The purpose; of this paper 
is to discuss and evaluate these problems by re-examining the 
methods of protection and the heating requirements, and then to 
determine the cost in terms of airplane performance and operational 
penalties of providing icing protection. 

The effect of speed on the icing protection problem should be 
considered. The variation in airfoil heating requirement in 
Btu per hour per foot span with, flight speed is illustrated in 
figure 1. The speed at which the minimum surface temperature 
attains 32° F because of frictional or aerodynamic heating is also 
indicated. Attainment of this temperature due to speed alone would 
eliminate the need for icing protection. A flight speed of approxi- 
mately 640 miles per hour is necessary in an icing cloud at 
15,000 feet and 0° F to realize this free protection. Inasmuch as 
this flight speed is above that presently being considered for 
turbine powered transports, protection probably will be required 
in cruise as well as in climb and descent. Below the critical 
speed, the heat required to evaporate the water increases with 
increasing flight speed. These requirements are based on evapo- 
rating the water upon impingement with the airfoil in an icing* 
cloud with a liquid -water content of 0.4 gram per cubic meter and 
a drop size of 20 microns. Because of the direct increase in rate 
of water interception with speed, the heat required at 500 miles 
per hour is about four times that at a flight speed of 250 miles 
per hour; this lower speed is representative of several current 
transports. When the same icing condition and a fixed flight speed 
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are assumed, the total heat required to evaporate the water can 
also he shown to increase with altitude. At altitude, a greater 
percentage of water will strike the airfoil because the reduced 
drag forces on the water droplets act to deflect them out of the 
path of the advancing airfoil. Fortunately, the cloud liquid - 
water content generally decreases with increasing altitude, and 
the maximum heating requirement for complete evaporation of the 
intercepted water usually occurs in the medium altitude range, 
that is, about 15,000 feet 

Since present hot -gas wing -heating designs provide protec- 
tion by evaporating the intercepted water over a finite area, a 
marked increase in heat required with speed and altitude is rep- 
resentative of that to be expected from applying such a system 
to protect the high-speed turbine -powered transport. It is 
apparent that the 400 percent increase in heating requirement 
due to increasing the speed from 250 to 500 miles per hour makes 
it desirable to obtain a more economical means of protection or 

a heat source that has a minimum effect on airplane oper- 
ation. Current research at the NACA Lewis laboratory has indica- 
ted that, a large savings in heat 'can .be realized by the use of a 
cyclic de-idng system. With this .system;. instead of evaporating 
the intercepted water, small amounts, of 'ice. are allowed to form 
on the surface ; heat is then applied to melt quickly the bond 
between the ice and. the surface thereby allowing the ice to be 
removed by aerodynamic •’forces. ' '..After-- removal: , of the ice,- heating 
is terminated, the surface temperature drops, and ice reforms. 

When this process is repeated- -in a regular -cycle,- small portions 
of the entire airplane can be do -iced, in succession. 

. A short movie presented- at the conference - illustrates 
electric cyclic de-icing in. the icing research, tunnel of the 
Lewis laboratory. The first scene shows the resultant ice forma- 
tion on the leading edge of a low- drag airfoil after' an icing 
period of 15 minutes with no -.heat- The next sequence presents an - 
unsuccesso. ul attempt at de-;i.cing. Following a 3-minute icing period 
at 275 miles per hour, 10° F, and 0. 5 -gram per cubic meter, the heat 
is turned on for .15 seconds.. Failure- to remove the ice was due to 
inadequate heaoing .whicn amounted .to. 8 watts -per square inch over 
the first 10 percent chord. In the next sequence, successful' 
de-icing is achieved at the same, conditions but with a different 
heat input. In this case, the., heat densities -varied, from 14 watts 
per square inch near the leading edge ..to 8 watts per square inch " 
at the aft portion, of the -heated area. A continuously heated stiip ' 
1/2 inch wide at the stagnation point- was also employed with a heat 
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density of 8 watts per square inch. The ice is quickly and 
cleanly removed within 5 to 10 seconds after the heat is turned 
on. 


In order to evaluate the effect of employing a hot-gas or a 
cyclic electric de-icing system on the operation of a turbine - 
powered aircraft in icing conditions, a hypothetical turbojet 
transport .(fig. 2) illustrates the magnitude of the problems involved 
This airplane is assumed to have a gross weight of 125,000 pounds, 
a wing span o? 158 feet, and a cruising speed of 500 miles per 
hour from an altitude of 30,000 feet. The plane is powered by 
four axial -flow turbojet engines placed in two nacelles, and each 
engine has a compressor pressure ratio of 5 and a rated thrust of 
6000 pounds. It is assumed to climb to its cruising altitude at 
maximum thrust and the flight speed to give maximum rate of climb. 
This speed is approximately 350 miles per hour for all altitudes. 

The descent is also at 350 miles per hour. The leading edges of 
the wing and tail, the elements within the engine inlet, and the 
windshield are the critical components requiring icing protection 
considered in this discussion. 

The icing atmosphere discussed in the prbvibus paper through 
which this airplane is assumed to fly is summarized in figure 3. 

The variation in ambient temperature, liquid -water content, and 
drop size with altitude represents a compromise between the most 
frequent and extreme values obtained from the available icing 
data. Altitude up to 30,000 feet has been divided into three 
parts, the 30,000-foot condition represents cruise. The meteoro- 
logical values in figure 3, taken for the purpose, of illustration . 
and, based on present flight data, provide a reasonable basis' for 
the calculation of heating requirements and the evaluation of 
associated performance arid operational considerations, for the 
high-speed, high-altitude transport.' 

The total arid component turbojet transport heating require- 
ments in Btu per' hour for three altitudes and' two methods of ' " 
thermal protection are. presented in figure '4. Because calcula- 
tions indicated the assumed icing condition from sea level to 
10,000 feet was not critical, the heat' requirements for altitud.es, 
below 10,000 feet are omittdd. 

All the hot-gas requirements illustrated are for continuous 
heating with wing arid tail requirements being .computed for a 
typical double-skiri chordwise flow system designed to evaporate 
the intercepted water by 10 percent of chord. The engine components 
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and windshield requirements are based on maintaining the mini- 
mum surface temperatures just above freezing. 

The electrical heating requirements are based on a conser- 
vative estimate of the performance of a cyclic de-icing system 
for wing and tail, and continuous electrical heating of engine 
components and. windshield. 

In all icing conditions investigation, the total airplane 
requirement using a cyclic electric system, varies from a minimum 
of about 10 percent at 15,000 feet to a maximum of approximately 
30 percent at 25,000 feet of the hot-gas requirement. The maxi- 
mum cyclic electric requirement occurs at 25,000 feet and is 
about 1,000,000 Btu per hour or 300 kilowatts. A considerable 
savings also appears possible for a cycled hot -gas system and the 
economical performance indicated for a cyclical method of protec- 
tion prompts further study and development. 

At present the cyclic system entails certain installation, 
maintenance, and operational problems. Pending the perfection of 
this method of protection, the requirements for continuous heating 
with hot gas will be further examined. 

The continuous hot -gas- requirement varies from a maximum of 
approximately 7,000,000 Btu per hour at 15,000 feet near midpoint 
of climb to a minimum of approximately 3,000,000 Btu per hour at 
25,000 feet. The higher speed cruising condition requires 
4,000,000 Btu per hour. For both the cyclic electric and contin- 
uous hot -gas requirements illustrated, the wing and the tail com- 
prise over 80 percent of the total airplane requirements. 

i 

A suitable source of these large amounts of heat must be 
provided. Approximately 25 combustion heaters of the size used 
In present aircraft would be required to satisfy this maximum con- 
tinuous heating load and obviously this would impose an unacceptable 
space and weight penalty. Because the turbojet engine generates 
large amounts of heat, it should be considered as a source of 
energy for icing protection. Hot air or gas may be bled from the 
compressor outlet, turbine inlet, or the tail pipe of a turbojet 
engine. Power may also be extracted from the shaft of the engine 
to drive electrical generators. 

Use of the turbojet engine as an energy source, however, 
imposes performance and operational penalties. During climb, 
when the turbojet engines are operated at maximum power, the 
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extraction of energy results in a decrease in thrust and a conse- 
quent decrease in rate of climb. Figure 5 illustrates the decrease 
in rate of climb resulting from the use of several turbojet-engine 
energy sources at an altitude of 15,000 feet and' a flight speed of 
350 miles per hour. For the continuous hot -gas system, the climb 
penalties vary from about 40 percent using compressor -outlet bleed 
to approximately 4 percent using tail -pipe bleed. Less than 
l-percent decrease in rate of climb results from use of shaft 
power to operate a cyclic electric system. Although turbine -inlet 
and tail -pipe bleed sources have a small effect on rate of climb 
as compared to the compressor -outlet bleed source, the presence 
of products of combustion and the necessity for mixing the hot gas 
with colder air will complicate their use in an anti -icing system 
In contrast, the compressor -outlet air is uncontaminated and avail- 
able at directly usable temperatures. 

Because the vertical extent of several layers of icing 
clouds is generally less than 6000 feet, a turbine -powered aircraft 
during climb would be in an icing condition only a short time. The 
large loss in rate of climb entailed in the use of compressor bleed 
suggests the possibility of making the climb through the icing., 
cloud without protection except for the engine components and then 
upon reaching the cruising altitude the protection system would be 
turned on and the ice removed. Calculations indicate, however, 
that the increased drag due to a 3 -minute unprotected icing ~ 
encounter near 15,000 feet would result in a climb penalty in the 
same order of magnitude as that caused by the use of compressor 
bleed for protection. In addition, the possible inability of a 
hot-gas system to remove the ice formation quickly enough to pre- 
vent runback and refreezing may result in a drag penalty for the 
remainder of the flight. It xs therefore apparent that little or 
no benefit can be derived in rate of' climb by allowing the aircraft 
to ice for even a short period of time. Also, because the '.duration 
ol icing in climb will be small, these seemingly severe perfor- 
mance penalties will be experienced only briefly. 

In the turbojet transport cruise condition, the engines are 
normally operated at less than maximum power' so that heat or power ■ 
can be extracted from the engine and constant thrust maintained by 
increasing the fuel flow. This increase in fuel flow together- 
with the installed weight of the ice -protection equipment reduce 
the allowable pay load. The reduction in pay load as a function 
of the percent of flight time in which the anti -icing equipment is 
in operation on a long range high -altitude flight is shown. in 
figure 6. The reduction in pay load at 0 percent flight time is 
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due to the installed weight of the equipment, and the slope of 
the curves is a measure of the fuel consumed in providing icing 
protection. The performance penalties for the hot- gas systems 
are based on continuous heating; for the electrical system oper- 
ating from shaft power, cyclic operation is assumed. 

As stated in the previous paper, the existence of liquid 
water at an altitude of 30,000 feet is uncertain If icing con- 
ditions do exist, the horizontal extent is believed to be small 
and the possibility of avoiding such clouds favorable. The anti- 
icing time will therefore be but a small percentage of the total 
flight time. Therefore, the merits of' a heat source for provi- 
ding protection during cruise should also be evaluated on the 
basis of short icing encounters where the installed weight is the 
primary consideration. On this basis, the hot-gas system operated 
from c ornpr e s sor ; - outl e t bleed, tail-pipe bleed, or turbine-inlet 
bleed appear most favorable. The turbine -inlet curve, omitted for 
the sake of clarity, falls only slightly above the tail -pipe curve 
The pay -load penalty indicated for a cyclic electric system 
employing shaft power is based on present weights and power 
requirements and if these can be reduced in future development, 
the use of a cyclic electric system will be more attractive. 

The auxiliary power unit indicated in figure 6 consist of a 
small gas-turbine unit operating as a gas generator. Although it 
is the lightest of the several auxiliary units investigated, it 
is obviously too heavy to make this source attractive- If, how- 
ever, such an auxiliary power plant is needed for uses other than 
icing protect on, a portion of its weight might be otherwise 
chargeable . 

Ice protection has been discussed herein for climb and 
cruise conditions. Protection, however, may also be required 
during descent. Assuming the descent is at about the same flight 
speed as the climb, the heating requirements for each attitude 
would be approximately the same. The use of the turbojet: engine 
as an energy source during descent presents more of a problem 
than previously indicated for the climb because of the decreased 
power and thus the decreased availability of heat during descent: 

A cyclic electric de-icing system could provide adequate protec- 
tion during descent provided that the generators are designed to 
operate over a wide range of engine speeds, and the turbine -inlet 
and tail -pipe temperatures were sufficient to provide protection - 
even with low engine power. Although use of compressor bleed in ' 
descent is inadequate to protect the entire aircraft, because of 



the very low temperature available at the compressor outlet, 
serious icing in the engine could be prevented with this method. 
The vertical extent of possible icing clouds is small and the 
normal rate of descent large; therefore the time in icing during 
descent is even less than during climb. Furthermore, it would 
be possible at any time during descent to level out for a short 
period, increase the engine power, and de-ice the airplane. 

Although the penalty on rate of climb is large for the com- 
pressor-bleed source, its pse with a hot-gas protection system is 
desirable because of the low installed weight and the freedom 
from products of combustion. The compressor -outlet bleed per- 
formance penalties just presented were based on a current turbojet 
engine with a rated compressor pressure ratio of 5. Engines to 
be developed for future use may operate at considerably higher 
pressure ratios. Figure 7 shows 'the effect of increasing the com- 
pressor pressure ratio on the change in rate of climb at 
15,000 feet and 350 miles per hour. The penalty imposed on rate 
of climb lessens as the pressure ratio is increased, varying 
from about 40 percent for a pressure ratio of 5 to about 25 per- 
cent for a pressure ratio of 10, a change of 40 percent. The 
penalties on rate of climb due to use of turbine -inlet bleed, 
tail -pipe bleed, and shaft power extraction are inappreciably 
affected by variation in pressure ratio . Increasing the pressure 
ratio from 5 to 10 also results in a slight improvement in pay 
load during the cruise condition. It appears, therefore, that 
compressor bleed should become even more attractive as a source 
of heat for ice protection of future turbojet transports using' 
higher pressure ratio engines . 

The preceding discussion has been related only to the 
turbo jet -powered transport. Consideration of the icing protec- 
tion problem of a turbine -propeller aircraft is also of interest. 
Tne primary difference in the icing protection problem between 
the turbine -propeller transport as compared to the turbojet 
involves the use of the turbine -propeller engine as an energy 
source. In a turbine -propeller, engine the low pressure existing 
in the tail pipe is probably inadequate to force the hot gas 
through the anti -icing system and the extraction of energy from 
the remaining engine sources is more costly in terms of engine 
performance because the mass flow through the turbine -propeller 
engine will be less than that of a turbojet. 

Evaluating an icing protection system for the turbine - 
propeller transport therefore warrants greater consideration of 
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the low performance penalty sources such as shaft power to opera - 
ate a cyclic electric system or hot gas from the turbine inlet. 

In conclusion, icing protection is required for the high- 
speed, high -altitude, gas turbine -powered transport. Although 
the airplane heating requirements have been markedly increased 
from present-day values by the introduction of the turbine -powered 
transport, several factors tend to alleviate this increased heat- 
ing load. A sizeable reduction in these requirements is possible 
by the satisfactory development of cyclic system, using either 
electrical heating or hot gas. A suitable source for this energy 
is readily available in the turbine engine itself. The resultant 
performance or operational penalties incurred in extracting energy 
from the engine will be dependent on the source employed. The 
difficulties arising from the use of any one source can be obviated 
by employing a suitable combination of sources, as for example: 
engine protection from turb ne-inlet bleed, or shaft power in con- 
junction with compressor bleed for cyclic or continuous protection 
of the wing and tail surfaces. 

Although the performance' penalties associated with providing 
icing protection trom some of the available energy sources appear 
large during climb and descent of the aircraft, these penalties 
will, probably be in effect for only a short time; and the icing 
conditions, if any, during cruise will be of small extent and the 
possibility of avoiding them favorable. 

The exact nature of the ice protection system, its operation 
and cost will be dependent upon the specific characteristics of 
the airplane and engine, the flight plan, and the icing conditions 
it may encounter. 
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SOME ASPECTS OF AIRCRAFT SAFETY - ICING, BITCHING, AND FIRE 
• 9. AIRCRAFT OPERATIONAL PROBLEMS INVOLVED IN DITCHING 

By Lloyd J. Fisher 
Langley Aeronautical Laboratory 

This paper presents some of the operation problems associated with 
ditching and the effect of design parameters on ditching performance, 

A ditching operation can be divided into four main parts: (l) 

landing, (2) escape from the airplane, (3) survival in the water, and 
(4) rescue,. 

The NACA has been mainly concerned with the landing operation. 
Consequently, the approach, landing technique, dynamic behavior, and 
structural damage during ditching, which have been investigated in 
detail, are the phases discussed. 

Three types of motion are used herein to describe ditching behav-r 
ior. One type of motion is called a dive. In this motion the airplane ' 
assumes a negative attitude and partially submerges..' The decelerations 
are generallj 1 " high. This is the most undesirable motion encountered 
and is most prevalent in bomber-type airplanes due to failure of the 
weak bomb-bay doors in the fuselage bottom. Another motion is called, 
trimmingup. This term is used to describe a positive rotation about., 
the transverse axis that occurs soon after landing. It occurs with’ 
airplanes that have pronounced curvature on the aft fuselage and very " 
frequently occurs with transport airplanes. The third type of motion 
is called a. smooth run. In this behavior there. is no apparent oscil- 
lation about any. axis 'and the model gradually settles into’. the Water, 
as the forward speed decreases. This is the' best ditching behavior ' 
and transports in general approach this type of motion. 

Figure 1 summarizes a typical, ideal landing .configuration. It 
is realized that circumstances may be such that ail the desirable 
features, shown here cannot be achieved in every ditching. For. example, 
if all engines have failed the ditching must necessarily be made with- 
out power. However, if fuel is running low arid it is knowri that a“ 
ditching is inevitable the landing should be made before the fuel is ’ 
exhausted s6 that va ■ normal power approach can.be used to give better, 
control and lower speed. The lowest forward and vertical speeds 
possible are. desirable as damage is ; interisif fed by increased speed. 

As much flap deflection should -be used as adequate coritrol and rea- 
sonable vertical speed permit. In order to reduce gross weight and - • 
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landing speed all disposable gear and cargo should be jettisoned. 
Remaining- gear and cargo should be secured and no hatches or doors 
should remain open in the lower part of the fuselage. The landing 
gear should, be retracted as an extended gear will cause high decelera- 
tion and. diving;'. Generally a nose-high attitude is desirable. A near- 
level landing attitude sometimes causes an airplane to dive but in any 
case the high speed associated with a level landing usually produces' 
high bottom loads and consequent damage. Care should be exercised to 
prevent stalling to avoid lack of control and the possibility of falling 
onto the water. This might produce excessive structural damage and such 
damage is the cause of most ditching difficulties. 

In order to obtain the optimum ditching in a heavy sea, consider- 
able skill is required by the pilot in making touch-down at the best 
point. .The sea may be so irregular that a great amount of judgment 
will be needed in determining the, predominant wave form. However, 
some principles that should be followed can be illustrated on a simple 
wave system, figures 2 to 4. It is usually best to land parallel to 
waves or swells unless a very strong wind is blowing in which case a 
landing into. the ■wind may be best. In a landing parallel to the waves 
(fig,- 2) the contact should .ideaily.be mode near the crest. on the 
leeward side so that ns the wave progresses the airplane will remain 
near the crest longer. The trough of waves (fig. 3) is less safe for 
first contact. because of the possibility of getting a wing tip in a 
crest. If the wind is strong enough so that a cross wave landing 
(fig. 4) is best, the ideal situation is to make contact near the crest' 
of the wave on the downward slope so that the airplane can in effect 
ease down the slope into the w’ater. A contact on the upward slope 
will result in high impact ’ loads and if the force, is applied near the---- 
tail it might cause the airplane to nose into the next wave . The 
principles' illustrated- -in figures 2 to 4 admittedly are difficult to 
follow) but the Coast Guard considers them feasible and has written 
them into its pilot's operational manual. : 


In. a heavy sea even an airplane with' very good ditching charac- 
teristics can be thrown into violent motions and receive extensive 
damage if touch-down is poorly - executed. Figure 5 shows typical 
longitudinal decelerations for a transport model landed across waves 
and in calm water." A maximum value of about 6g is shown for 5-foot' 
waves but this value can be exceeded in steeper waves. The maximum 


deceleration in 


2 


-foot waves is about 4g, practically the same as in 


calm water. For landings in calm water, across small waves, or par- 
allel to large waves transports generally make fairly smooth runs and 
sustain less damage than other large airplanes such as bombers. The 
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primary reason for this is that transports have fewer weak doors in 
the bottom and the requirements of cargo floors and pressurization 
add to the fuselage strength. It would seem that much better ditching 
characteristics are needed in' transports than in bombers because of 
the large number of untrained -transport passengers involved. 

In order to safeguard against injury even in a mild ditching, 
consideration needs to be given to the location of passengers in the 
airplane (fig. 6).. No ditching stations should be just aft of a 
weak door or hatch in the fuselage bottom, as such a position is 
likely to be overwhelmed by water entering through the opening. The 
safest position is in the forward part of the fuselage, facing back- 
ward with one's back, against a bulkhead or preferably in a seat faced 
backward. A properly tightened seat belt may be sufficient restraint 
even in seats facing forward but a much greater margin of safety would 
be obtained if the seats were faced backward. Seats and safety belts 
of course need to be strong enough to withstand the decelerations that 
may be encountered. In most ditchings the longitudinal decelerations 
will be less than 6g - a value that is tolerable to the human body if 
it is properly restrained. In those transports that have two decks, 
the upper deck provides the better ditching station. There is little 
likelihood of the floor of this compartment being flooded quickly since 
it probably will not b'e damaged and the wing will provide enough buoy- 
ancy to keep' it above, the .water for a reasonable length of time. 

.. When the airplane has come- -to -rest . it . ,is important to get out 
promptly to avoid entrapment , as the airplane may sink quickly. 

Although there- have, been a /number' of ditchings, in which the airplane 
floated .for. hours, the prediction of such extended floatation time 
would require a knowledge, not immediately available, of the total 
damage to the airplane. . .The. only safe ‘course is to get out quickly 
and rapid escape may be. complicated by panic among the passengers, 
particularly if the escape, hatches that. are available appear to be 
inadequate. Escape hatches should : 'be in the upper part of the fuse- 
lage (fig. 7) and should be positioned for. exit onto the wing or 
directly to a life raft. .Such exits are not usually available in. 
transports in' sufficient .number to 1 -permit a rapid escape of a. full 
load of passengers. ' v • 

Design parameters having an inf luence . on ditching character-? 
istics (fig. 8) include wing location, landing flaps, tail-surface. . 
location, fuselage- shape and strength, and. protuberances . It is ■ . ; 

realized that an airplane ..is not designed solely for ditching. How-.. .' 
ever, in any design the choice of parameters is. made for a variety- 
of reasons and- it is intended here to show how such choice may effect 
ditching. Actually there have been airplanes having generally similar 
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air performance but with considerable difference in ditching perform- 
ance so it is sometimes possible to obtain improvements in ditching 
without loss in other respects. 

Figure 9 shows typical wing-and- fuselage combinations. Since a 
major portion 'of the buoyancy available for keeping the airplane 
afloat comes from the wing, it is undesirable to have the wing placed 
high with respect to the fuselage. This location causes no detrimental 
motions but offers no buoyancy before the fuselage is submerged. Tests 
have shown, however, that under some circumstances, a wing located at 
the bottom of the fuselage may have an adverse effect on hydrodynamic 
behavior. Flaps, nacelles, or. the wing itself, may enter the water 
at high speeds, causing high decelerations or diving. These consider- 
ations lead to the conclusion that the safest position of the wing 
is slightly above the bottom of the fuselage in a low-mi d-wing 
position. 

Landing flaps have had a noticeable hydrodynamic effect on about 
25 percent of the models tested. In a majority of these cases they 
caused a- slight nose-down motion but in' no case was a flaps-up con- 
dition advantageous. It is preferable to have flaps down in a ditching 
in order to obtain a low forward speed and so decrease the chances of 
fuselage damage but on low-wing airplanes the flaps should be weak 
enough to fail without producing an undesirable diving moment. A 
strength less than about 300 pounds per square foot appears satis- 
factory in this respect. 

In general, the location of the tail surface has little effect on 
ditching. It has been found, however, that a low position of the : hor- 
izontal tail surface can prevent excessive trimming-up where the fuse- 
lage has a shape that produces this motion. 

Some recent transports have unusually large amounts of sweep-up 
on the after fuselage while others have high transverse curvature or 
perhaps a combination of both (fig. 10). A high degree of fuselage 
curvature causes a suction and the airplane will trim-up in the water.' 
Trimming-up is not in itself detrimental but if it is great enough the 
airplane may leave the water and then reenter at on unfavorable atti- 
tude. Model tests have shown motions of this type in which the model 
trimmed-up so high that it stalled and fell back into the water out 
of control. Another disadvantage of trim-up is that if the suction 
breaks suddenly the airplane may trim down fast with the resulting 
impact causing damage. 

Fuselages having moderately curved cross sections (fig. 10) 
appear to be as stable dynamically as those with nearly flat bottoms. 
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Since flat bottoms are subject to much higher bottom pressures and' are 
structurally less efficient for carrying loads, it is advantageous to 
use moderately curved sections. 

The strength of the bottom of the fuselage is probably the most . 
important factor influencing ditching behavior. A majority of air- 
planes would ditch Well if the fuselage bottom did not sustain large 
damage. In order to determine the effect of this damage models are 
tested with approximately scale-strength bottoms. Damage always 
occurs and sometimes produces undesirable motions and decelerations 
and of course the resultant water inflow is detrimental. I'f there 
are doors in the bottom they are usually weaker than the surrounding 
fuselage and so fail more easily with greater total resultant damage. 

In general protuberances below the bottom of the airplane, by 
virtue of their water drag, tend to cause a detrimental diving . 
moment. Exceptions to this occur when the protuberances ore of such 
shape that they produce substantial hydrodynamic lift forward of the 
center of gravitj r or when the attachment is so weak that the pro- 
tuberance tears off. Engines mounted low on a low wing or slung under 
the fuselage as on some recent jet airplanes (fig. 11), probably will 
not tear off and will be detrimental. It is best for engines to be 
well above the bottom of the fuselage if they are rigidly built-in. 
However, when a strut is employed (fig. 11) the strut could be weak 
enough that the installation would tear off without causing trouble. 
This was true of the one model of this type that has been tested.- 

Fuel tanks (fig. 12) installed under the wing will have an effect 
similar to that described for engines except that tanks are not as 
rigidly attached and so tear off more easily. If a choice is available 
it is best to jettison such tanks. Tip tanks probably will not enter 
the water until a low speed is reached so will not cause undesirable 
behavior and will offer additional buoyancy if empty. 

It is possible to obtain good ditching characteristics from even 
a very poor ditching airplane or to further improve the ditching 
characteristics of a good one by the addition of a ditching aid 
(fig. 13). 

One method of preventing diving or nosing in during the high- 
speed part of a ditching run is the use of a hydrofivp, . a device 
near the nose that has sufficient hydrodynamic lift to furnish the 
required positive pitching moment. Of a variety tested, a narrow 
planing surface, having a trapezoidal plan form, and set at an 
incidence of about 30° to the fuselage was generally the most effec- 
tive. The hydroflap offers an opportunity for keeping the nose out of 
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the water and reducing the loads on that part of the fuselage by 
■concentrating on a small strong area the high water pressures present 
at landing speeds. Sometimes it may be possible to use a hatch or a 
speed brake to serve the additional function of a hydroflap with less 
.additional weight than would otherwise be required. One type Navy 
airplane has employed a modified hatch as.- a hydroflap. 

Another possibility for a ditching aid is a planing surface that 
can be : extended, on struts so that in landing the airplane rides on 
the planing surface with the main body of the airplane not subjected 
to high water loads at planing speeds. Almost any degree of effective 
ness is possible with this device, depending on its size; and the 
hazardous motions and. structural damage' associated with ditching can 
be eliminated.. For airplanes with solid bottoms such as transports a 
single planing surface retractable into the bottom would be suitable 
or twin surfaces retractable into the sides of the fuselage or into 
the wings could be used. The twin- surface arrangement would be most 
desirable if doors were required in the fuselage bottom. 

' ? In conclusion, it may be stated that the dynamic behavior and 
structural damage during ditching can greatly influence survival. The 
hazards involved can be reduced by proper selection of operational 
parameters during the approach and landing. They can be further 
reduced in the design stages of the airplane by proper consideration 
of features affecting behavior, ditching stations, and means of escape 

In general, safe ditchings could be accomplished if the fuselage 
bottbm could be strong enough to withstand the water loads. An alter- 
nate and perhaps more .feasible solution would be the use of ditching 
aids' to keep the loads off the fuselage and control the motions 
, duringthe high-speed part of the landing run. . . _ 
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Figure 5. - Deceleration curves. 
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Figure 7. - Escape hatches. 
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Figure 8. - Design parameters. 
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Figure 11. - Engine arrangements. 




Figure 12. - Fuel tank arrangements. 
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: SOME. ASPECTS. OF AIRCRAFT SAFETY.- ICING, DITCHING;. AND FIRE 
SOME ASPECTS OF THE TRANSPORT AIRPLANE FIRE PROBLEM 
10. By I. Irving Pinkel 
Lewis Flight Propulsion- Laboratory 

Recent studies on the ability of humans to withstand high accelera- 
tions for short periods of time without injury have indicated that sig- 
nificant gains in airplane crash survival can be realized if fire fol- 
lowing crash can be prevented. Acting on the recommendation of the NACA 
Operating Problems Committee and the Aircraft Fire Prevention Subcom- 
mittee, the Lewis laboratory of the NACA has engaged in a study of fires 
following take-off and landing crashes of- survivable intensity. One 
phase of this work is the evaluation of the effectiveness of various 
ways the incidence and severity of the crash fire might be reduced. 

This discussion of the crash-fire problem is by way of a progress 
report that will consider the knowledge of the mechanisms of crash 
fires gained from work already completed and the approach to the reduc- . 
tion of . the crash-fire hazard indicated by the information ..obtained. 

Preliminary to active experimentation, a study was made of the 
available information on past aircraft crash fires, reported in ref- • 
erence 1,. which gives support to the following points regarding airplane 
crash fires. 

1. Serious fires are associated with the large fuel spillage that 
results from a damaged fuel system. 

2. Most of the suspected ignition sources are located at the 
nacelle. 

■3 . Gases contained within the engine induction and: exhaust system 
can serve as ignition sources. 

4. -The fuel is generally the first combustible to burn. 

Because of the transitory, nature of the conditions preceding a 
fire and destruction in the fire of the evidence on which to base an 
analysis of the physical circumstances associated with the fuel spillage 
and its ignition, a well-defined understanding of the crash-fire problem 
and an intelligent approach to its solution cannot arise from a study of 
crash accident records alone. Accordingly, a portion of the NACA pro- 
gram involves the study of actual crash fires conducted with twin- 
engine airplanes suitable for holding a complex, massive system of 
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instruments through' a crash under simulated take-off conditions, 
instruments provide: 

1. A record of temperatures at selected stations within the 
nacelle, wings, and fuselage. 

2. Detection of combustible vapors throughout the airplane. 

3. Time and location of fuel line rupture. 

4. Time and location of electrical short circuits. 

5. Gas samples of cabin atmosphere. 

6. The acceleration of the airplane in the crash. 

A crash site (fig. l) was developed to permit an airplane to accelerate 
from rest under its own power constrained by a guide rail to arrive at 
the crash barrier with take-off (or landing) speed. Details . of .the 
barrier are shown in figure 1 which shows the airplane /runway hnd guide 
rail in the foreground. At the barrier, the rotating propellers strike 
the ground contained within the raised abutments, the., landing gear is 
ripped free of the airplane by the same abutments, and the wing' tanks 
are severed outboard of the nacelles by poles. After crash the air-, 
plane slides' along the ground beyond the barrier. This arrangement 
provides a severe crash from the standpoint of fuel spillage and igni- 
tion source exposure. 

"In the conduct of these studies, it was appreciated that a con- 
siderable background of information exists on the ignition, and burning 
of hydrocarbon fuels. It was our purpose to obtain an understanding 
of the factors introduced by the dynamics of the crash that control 
the ignition process and timing, and the subsequent rate of fire spread 
and to establish on a firm factual basis those commonly considered 
ideas on crash fires which actually apply. The work completed thus far 
has provided information on the various ways fuel is released in a 
crash, a positive identification of several important types of ignition 
sources, details on the rate of spread of fire through fuel dispersed 
within and around the airplane, length of the p ? icraeh period that' 
may elapse before fire occurs with different types of fuel spillage, 
the pirplane decelerations associated with typical damage to the 
airplane ^structure, and the rate of development of lethal conditions 
w’lthin'the cabin." 

In these" studies, it has been learned that fuel can be- spilled , 
from an' airplane as an ignitable mixture of fuel vapor and air by ... 
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rupture' of* the engine induction system, ■ as liquid from broken fuel 
lines and tanks, and as mist.. if the spillage occurs from an airplane 
in motion. In the last case, the aerodynamic forces on the fuel- rip . 
it to mist to form a highly flammable fuel aerosol that moves with the 
air around the airplane. A picture of such a fuel mist taken- during 
an actual crash is shown in figure 2. The fuel beneath the wing 
appears as a dense cloud that increases in volume and decreases in 
density. by admixture of additional air downstream of the wing. 

Because of the significant role of this type of fuel spillage in 
the. crash fires, it will be discussed in detail* . first, an illustra- 
tion (fig. 3) is given of the rapid development of the fire through 
the fuel mist..- ; This demonstrates the fire propa gated by atomization 
to mist of the fuel lost from an airplane /nose wing fuel tanks have 
been exposed while the airplane was. in motion.. In the crash that 
produced this fire the pole barriers were arranged to smash the landing 
lights on the wing and tear open the tanks behind thorn. The ignition 
that occurred at the damaged landing light, as shovn in. figure 4, is 
evidence that a damaged electrical system can serve as an ignition 
source. The fire clearly originates at the location of the landing - 
light before the airplane is displaced its own length from the pole- 
harrier and the landing gear settled to earth. 

Because of the close proximity of the ignition source to the 
spilled fuel, ignition was immediate. When an appreciable spanwise. 
separation exists between the fuel source and the ignitor, a time 
delay is introduced in the ignition as illustrated in figure 5.- This 
figure shows ignition by exhaust gases issuing from the engine stack at 
a point having a six-foot spanwise. separation from the fuel-tank 
rupture approximately two seconds after fuel spillage, at a reduced 
airplane speed. Detailed studies of the ignition of fuels and lubri- 
cants on the exhaust -disposal system used in this airplane showed that 
the portion of the exhaust stack exposed to the air stream is not hot 
enough to ignite gasoline, but that the exhaust gases will do so 
readily. The two-second time delay between fuel spillage and igni- 
tion is of little consequence in the. severity of the ensuing fire, 
hut is of cardinal importance in .the engineering of crash safety 
systems. 

When the ignitor- is located to one side end. forward of -the point 
of fuel spillage, an even greater delay occurs between- the time, of 
fuel-tank rupture and fuel ignition. As an example, of this arrange- ■ 
ment, fuel ignition from an oil fire burning in the nacelle well 
forward of the wing leading edge is presented. in figure 6. The. oil 
fire is visible through windows located on the nacelle "cowling. In 
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this crash, the instrumentation indicated the oil fire to have started 

within 2 seconds of the crash. This picture, was taken 4g seconds after 
the crash, at the moment of fuel ignition. ■ Observe that the fuel mist 
lies well forward of the wing leading -edge when the airplane comes to 
rest, which is the case in. this figure. 

Obviously, if the released fuel streaked rearward along with the 
air streaming by the "narrow tank rupture, a physical separation between 
the fuel and ignition sources at the nacelle would be maintained and 
ignition could not occur. The tendency for the fuel to disperse span- 
wise (perpendicular to the air stream); is responsible for the contact 
between fuel and ignitor. A detailed study of this sidewise fuel 
spread conducted with taxiing airplanes, and simulated fuel spillage 
shows' the following mechanism of fuel dispersion. When fuel is lost 
from a decelerating airplane, the momentum. of the fuel in the tank 
provides a forward surge and propels the fuel as a solid stream out . 
of the tank rupture. Impact with the air. spreads the stream' to give 
a spanwise velocity component to the fuel particles somewhat as would 
occur if the solid stream of fuel were to splash against a wall normal 
to the original fuel direction. The forward velocity' of the fuel is . 
reduced with the acquisition of the spanwise kinetic energy and the 
advancing airplane intercepts the spreading fuel mist. If the air- . 
plane moves slowly, the fuel has an appreciable time to spread before 
such interception and can extend. to the nacelle. Likewise, high 
airplane declerations will produce high-velocity fuel jets that 
extend well ahead of the airplane and acquire high spanwise velocities. 
The combination of reduced airplane speed and high 'deceleration rep- 
resents critical conditions of airplane motion. from the standpoint' 
of ignition by a source located at the nacelle. This effect correlates . 
the facts that ignition by the broken landing light adjacent to the 
tank rupture occurred immediately but ignition at the nacelle did not'/ 
occur until the airplane had slowed appreciably from its high speed at 
crash. Wetting patterns produced on an airplane by the mist in the 
taxiing tests show these effects . clearly (fig. 7). Typical fuel wetting 
patterns on the underside of the wing and nacelle are shown in this 
figure. Fuel- spillage occurred from a tank- rupture at this point. The. 
wetting patterns obtained on the left correspond to fuel spillage from 
an airplane decelerating at. 2.5 times the acceleration of gravity. 

The darker cross hatched surface corresponds to fuel spillage e.t 
approximately 56 miles per hour. In this case the wetting pattern 
does not extend to the exhaust stack, '“'but at the reduced speed of 
approximately 25 miles per hour the wetting pattern does Enclose the. 
exhaust stack. At an airplane deceleration rate of 6.4 graVity, the 
airplane wetted area extends well past the exhaust stack at an airplane 
speed of approximately 60 miles per hour in contrast to the condition at 
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2.5 times the acceleration of gravity. The most extensive fuel wetting 
observed occurred at the reduced airplane speed of 35 miles per hour 
and the deceleration rate of 6.4 gravity. 

Because the fuel is airborne in these mists, a cross wind from . 
the wing tip to nacelle will displace the mist pattern toward the . 
nacelle and increase the probability of fire. This applies to the case 
shown in figure 7, with the relative wind as indicated. If the wind 
were directly from the front, the wetting pattern would be symmetrical 
about the tank rupture. In this case, only a very extensive wetting 
pattern would reach to the nacelle. 

Fuel spillage in the form of premixed fuel vapor and air can take 
place only from a torn engine induction system. The close proximity 
of ignition sources within the nacelle will cause ignition immediately 
after such spillage. Because of the small quantity of fuel in the 
induction system at any one time, however, no serious fire will result 
unless other fuel is ignited in the flash fire of the induction- system 
fuel. In one impact crash test the airplane was fitted with steel - 
bladed propellers. Impact of the steel propeller blades with the 
ground twisted the engine mounts and ripped the carburetor free from 
the engine induction system releasing the fuel vapor-air mixture into, 
the nacelle. The fuel vapors were ignited by the hot exhaust collector 
rings. The explosive flash. of the resulting fire ignited, the fuel being 
lost from the tanks at the wing leading edge. 

Fuel lost from a crashed airplane at rest is principally in liquid 
form as pools and rivulets. If a rivulet flows to an ignition source, 
or the fuel vapors are directed by moving air to an ignitor, the 
resulting fire propagates back to the primary pool' of fuel. If fuel is 
still pouring from the damaged fuel system, the fire burns at the 
opening from which the fuel issues and tends to enlarge the initial 
opening. Crashes involving the spillage of fuel wholly as liquid have 
not been studied yet in sufficient detail for further discussion at 
this time. 

The rate of fire spread through and around the airplane is com- 
plicated by many factors, chief among them being the ground and air- 
plane area wetted by the spilled fuel, the wind direction, the local . 
air ventilation in enclosed airplane cavities, and the vapor pressure 
of the fuel. Laboratory studies show the rate at which fire spreads 
over pools of quiescent fuel can be either several hundred feet per 
minute or just several feet per minute depending on whether or not 
the vapor pressure of the fuel is sufficient to maintain a combustible 
mixture in the air immediately above the pool of fuel. These figures 
are important in a crash only if the pool of fuel covers a significant 
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area around the airplane; -If the fire- begins before appreciable fuel 
has been exposed, the flame propagates to the opening from which the 
fuel is issuing, and ignites the fuel as it leaves, in this case,- 
fire development is controlled by the rate of fuel effluu, with fuel 
vapor pressure playing only a secondary role. The -rate of burning 
within an enclosed space such as a .wing containing fuel-- is often 
controlled by the rate at which air circulation brings oxygen-' to the 
fire; fuel volatility is. then of secondary, importance.- Fire spread 
along the exterior of the- airplane follows the pattern of the ground 
fuel spillage and the zones, of the airplane wetted by the fuel. Within 
a minute after ignition, the wetted skin of the airplane can be burned- 
away. Magnesium engine parts will ignite in airplane fires and continue 
to burn after the surrounding fuel or oil fire is extinguished. The 
aluminum airplane parts will burn only when heated by an external source 
Radiation will ignite paint on exposed surfaces at locations 20 feet 
from the perimeter of an intense fuel' fire. 

The. discussion will proceed. from a consideration of the separate 
events involved in a crash fire to r a complete study of a full-scale 
crash. 'A fully instrumented airplane,, carrying a. take-off load of' 

1000 gallons of fuel and moving at a ground speed of approximately 
80 miles per hour is involved in a crash that is quite severe from the 
standpoint of fuel spillage and exposure of ignition sources. A 
schematic view of the engine nacelle of this airplane (fig. 8(a)) shows 
the oil cooler located at the bottom of the nacelle immediately behind 
the exhaust collector ring. Following the usual airplane damage Vo 
the barrier the airborne plane hits the ground and slides. -Impact of 
the nacelle with the ground breaks the oil cooler lines and the-. exhaust 
collector ring is wetted by the released oil (fig. 8(b)). Other oil 
spillage takes place -from a broken nose gear housing.- About two seconds 
after impact, the instrumentation indicates oil fire on the . exhaust 
collector ring. Condensed oil vapors now issue from the nacelle. At 
the reduced airplane speed, the fuel. mist extends forward of the leading 
edge of the wing. In four seconds (fig. 8(c)) the oil fire in the' 
nacelle has grown to engulf the exhaust collector ring and provide an 
excellent torch for ignition of the fuel. When the fuel mist reaches 
forward to the oil fire in the nacelle as the airplane slows to rest, 
general inflammation of the fuel mist occurs with a high rate of - 
spread (fig. 8(d)). Ten seconds after ignition, the .fire has involved - 
the wing and nacelle to the extent shown in figure 8(e). Fire within - 
the wing is limited by the air flow through . the wing rupture and 
covers a somewhat smaller area. After two minutes, the fire has the ' 
distribution shown in figure 8(f). The ■ smaller solid area represents ’ 
the fire after 10 seconds, and corresponds approximately to the 
original fuel spillage pattern. 
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After two and one-half minutes,’ the 'airplane cabin was completely- 
gutted. Air temperatures within the cabin. reached 300° F, considered 
the maximum survivable temperature, within 100 seconds of the crash,, 
and analysis of the cabin atmosphere ’ indicated a lethal concentration 
of carbon monoxide two minutes after crash, 

A graph of the horizontal decelerations the airplane experienced 
in the crash and its slide to rest is shown in figure 9. The variation 
of airplane speed with displacement from the barrier is also shown. At 
the time the propeller hit the earth barrier, the whole airplane was 
subjected to an average deceleration of 3.5 g, but for tod short a 
period of time to change the airplane speed appreciably. Severing 
the landing gear from the airplane caused a somewhat smaller deceler- 
ation of 3.2 g for a longer period. The highest deceleration of 4.0 g ' 
was associated with damage to the wing lending edge, main spar, and 
fuel tank by the pole barrier. The slide to rest occurs with approxi- 
mately uniform deceleration of 1 g. From the standpoint of the 
accelerations imposed on the airplane, this type of crash would be 
survivable in the absence of the fire that followed it. 

On the basis of experience to date, it appears that crash-fire 
safety systems for current airplane types using present fuels must 
aim at inhibiting the ignition process. Once the fire develops, ' 

extinguishment is highly improbable with the quantity of extinguishing 
agent likely to be carried in the airplane. The viewpoint has' been 
taken that the ignition process is essentially a race between the 
declining potency of the several classes of ignition sources with time , 
and the conduction of fuel in sufficient concentration to a source of 
ignition. Declining potency of an ignition source is illustrated in 
figure 10, which shows the rate of cooling of an exhaust • collector ' 
ring from a temperature of 1200° F, ' corresponding to take-off power 

employed at the, moment of a crash.-. . It requires 50 seconds for the. 
exhaust system to cool to 900° F, the lowest temperature at which, 
gasoline will ignite and 200 seconds for the collector ring t'c cool 
to 600° F, the lowest temperature at which lubricating oil will 
ignite. A somewhat similar curve could be drawn for the temperature 
of a short-circuited wire drawing current from discharging storage 
batteries. From the crash studies it has been learned that . the fuel . 
or oil reaches the collector ring long before it’ has time to cool 
to a safe temperature. 

With considerations such" as- this in mind, an indication of .the.-, 
possible approaches to reducing the crash fire hazard of current 
airplane types with presentlday fuels will be made. ..Fuel ignition . . 
requires the coexistence in one environment of fuel, oxygen, .and 
an ignition source. The prevention- of fire involves the elimination of 
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one of these three factors at every zone. Fuel lines and tt,nks 
capable of withstanding the crash would provide complete fire' protec- 
tion by. eliminating. available fuel. Such fuel systems are not, however-;, 
currently available. Likewise, experience to date shows that an- . 
unacceptable weight of extinguishing agent would be required to inert 
the atmospheres around all ignition sources over the- period that igni- 
tion-is likely. Therefore, present efforts. are directed toward 
reducing the number of .ignition sources and' inerting the atmosphere 
around those that cannot be 'eliminated. The effectiveness of- this • 
approach can be appraised by testing an installation similar to- that ' - 
shown schematically in figure 11 . -, - 

This installation includes the following elements activated- at the- 
moment of crash. ■' ■ 

a. A fuel cut-off vaive aft of the carburetor to stop fuel flow 
and. bring the engine to rest. 

b. A two-pound charge of methyl bromide or other- suitable fire '■ 
extinguishing agent discharged into the induction ^system of . the engine . 
to inert the fuel-air mixture entrapped in the induction system when 
the fuel valve is closed. The extinguishing agent would also sweep' 
through the engine to inert gases in the exhaust-disposal system as 
well.. This would prevent backfires and the torching of flames from 

the exhaust stack. 

* 

c. An electrical system cut-off switch to -prevent the development 

of arcs and short-circuited wires'. ' ' 

d. A simple spray system arranged; around the -exhaust- disposal 
system employing water' or other suitable . liquid -to wet and cool the - 
exhaust-disposal system. The heat capacity of the' sxhaust system' is 
not large. Preliminary experiments indicate the possibility of 
cooling the exhaust system to safe temperatures with less than 4 gallons 
of water. The steam generated on the hot exhaust system would inert 
the immediate neighborhood and ignition would hot occur while the 
exhaust-system temperature is being reduced. 

Application of this system or any of its components to' an actual 
airplane crash safety system would require a manual override for the 
pilot on the fuel valve and on the electrical-system switch. All-such 
systems should provide that in normal airplane operation, the crash- 
sensitive element that actuates this system- would be inoperative to 
prevent i'aadT'e.rteat functioning of the system. When the pilot believes 
a crash is imminent, the system can be alerted' for the brief dangerous 
period with no loss in pilot control. 
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The question of the benefits to be derived from the use of fuels 
of low volatility, the so-called safety fuels, is not answered com- 
pletely by the studies conducted so far. On the basis of laboratory 
experience to date, however, in which fuels having a wide range of 
volatility atomised to mist in jet-engine combustors have burned 
satisfactorily, it appears that in these crashes in which dense fuel 
mists are ignited by contact with a pocent ignitor, little advantage 
would be gained by use of a fuel of low volatility. Experience with 
coal and other dust fires is consistent with this point of view. The 
formation of such dense fuel mists, while characteristic of the 
several crashes conducted, may prove to be a less significant factor 
in other types of crashes of survivable intensity. 

The evaluation of the effect of airplane configuration and fuel- 
system design on fire after crash is also necessary. In this field, 
assistance is available from the work of the CAA and other agencies 
that are approaching the crash-fire problem with the point of view 
that if the fuel system can be made to remain intact during crash and 
prevent the spillage of fuel, no serious fire will occur. Future work 
on the significance of airplane configuration in the crash-fire problem 
should be directed with special emphasis toward configurations including 
turbopropeller and turbojet engines. 
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Figure 2. - Crash showing fuel mist below wing. 




Figure 3. - Crash showing wall of fire at end of airplane skid. 



Figure 4. - Crash showing ignition at damaged landing light. 





Figure 6. - Crash showing fire in nacelle. 
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Figure 7. - Wetting patterns produced by mists. 
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Figure 8(a). - Schematic view of engine nacelle. 
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Figure 8(b). - Oil spraying in nacelle. 



Figure 8(c). - Airplane sliding along ground with oil vapors pouring 

from nacelle. 





Figure 8(d). - Ignition of fuel in oil fire. 



Figure 8(e). - Schematic view of area of airplane involved in fire after 

10 seconds. 
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Figure 11. - Fire suppression installation. 
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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES. 

11 . REVIEW OF AIRPLANE CHARACTERISTICS PERTAINING 
• TO HIGH-SPEED PERFORMANCE . 

: By Ralph P. Blelat . ; . 

Langley. Aeronautical Laboratory 

This paper reviews some of the aerodynamic .factors that- will enter' 
into the design and operation of high-speed, transports where the term 
"high-speed" refers to the higher subsonic speeds ; perhaps 500 or 600- 
miles per hour. 

Reference is made to a recent paper by Mr. Kartveli, of Republic ... 
Aviation Corporation, entitled '’Propulsion Analysis for Long-Range- 
Transport Airplanes," (reference 1 ). In this paper Mr. Kartveli has 
taken the Republic Rainbow and broadly redesigned it, first, as a - 
faster turbo -propeller version, and then as a still faster swept-wing . 
turbo-jet version, and compared the performance of these three versions. 
The present paper reviews the aerodynamic considerations such . as wing ■ -. 
aerodynamic characteristics, nacelle characteristics, compressibility, 
effects, aeroelasticity, etc. that would enter into the select ion ...of , 
configurations in the 500-^0-600 mph class. 

Some data obtained from reference 2 tire presented for a present- 
day, four-engine transport airplane shown, in the lower left corner of 
figure 1 . The wing is lS percent thick at the root and tapers to. 12 - 
percent.' thickness at the tip. The tail section ; is .15 percent thick at., 
the root and 10 percent thick at the tip. The. fuselage has a fineness . 
ratio a little greater than 7 * 5 * The airplane has the typical blunts , 
type nacelles. The design of these basic aerodynamic components .of 
the transport are satisfactory and efficient for the speeds at which ; : 
transports operate today, that; is,, in the range of 300 to 350 miles ..-, 
per hour. 

Plotted in' figure 2 is the variation, of the drag coefficient and. 
lift-to-drag ratio with Mach number for level flight at altitudes of . 
20,000 feet arid 30,000 feet for the four-engine transport for a wing 
loading of 65 -pounds per square foot. If this transport is flown at .! ■ 
either of these’ altitudes, it can be seen that the drag decreases, up. 
to a Mach number of approximately G.65, after which it rises markedly.. 
This is the' typical variation of drag coefficient , for. a given altitude/ 
as the airplane flies through its speed range. . The reduction of drag 
coefficient with Mach number up to 0 . 65 is caused by the large reduc- 
tion of the induced drag as a result of the decreasing lift coefficient 
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with speed for level flight. The portion of the curves showing the 
tremendous drag rise above; a Mach number of 0.65- is due to the adverse 
effects of compressibility on the wing. 

The range for a given pay-load or the pay-load for a given range 
depends upon the lift-to-drag ratio, Normally the transport cruises 
at a Mach number of 0,43 at approximately 23,000 feet altitude, For 
this condition, the transport is flying' at approximately its maximum 
lift-to-drag ratio. If the airplane is flown faster at 23,000 feet 
altitude, it can be seen that the lift-to-drag ratio- is falling off 
rapidly, but this is due to the fact that the transport is now flying 
at too low lift coefficients for maximum -L/D, The higher lift.. coef- 
ficients corresponding to maximum -l/d for. the higher speeds occur 
at high altitudes where: the air densities; are lower. What can be done 
by flying at the higher altitudes can be seen by the data for 38,000 
feet. For example, at a Mach number of 0 . 60 , the I./D ratio of this 
transport can be increased approximately - 56 percent when the altitude 
is increased from 20,000 feet to 38,000 feet. 

Here we can see how the modern power plant, where the term, 
"modern" refers to the turbo-engine, fits naturally into the opera- 
tion at higher' ‘-altitudes. First, the turbo-engine, when compared , 
with the pistori engine, has the necessary extra power which is needed 
to fly at faster speeds. Second, its efficiency is best at, the high 
altitudes and high speeds where the airplane is also aerodynamicaily 
efficient. 

Out in the speed -range above Mach number 0,65 (fig. 2 ) .the L/D 
ratio is decreasing rapidly which is caused by the large increases in 
drag. Associated with these adverse compressibility effects there 
would be the large power requirements needed to operate this transport 
above Mach number O.65, and also turbulent separation of the flow due 
to shock formations on the wing would- result in severe buffeting ad.dr 
ing to passenger discomfort and: danger -to the airplane structure. 
Another limitation on the speed is- the deterioration of the lift and 
pitching -moment coefficients of the-, airplane. 

Shown in figure 3 . 1 s the variation of lift coefficient with angle ' 
of attack for a series of Mach numbers. -It can be seen that, for a 
Mach number of 0,5, the lift exhibits no unusual characteristics for 
the range of angle of attack shown. At a Mach number of 0,65, it 
breaks over sharply at about a lift coefficient of 0 , 60 . This value 
is above the level-flight lift coefficient which in general will be of 
the order of 0.3 or 0.4 but, of course, this does not leave much margin 
for maneuvering. At Mach numbers -of . 0. 7 and O.75, it can be seen that 
the lift coefficient has dropped abruptly.. 
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Also shown on figure 3 is the variation of pitching -moment coef- 
ficient with lift coefficient for the same series of Mach numbers. Up 
to a Mach number of O.65 and a lift coefficient of 0.6, the changes in 
pitching moment for the transport are not too severe. At Mach numbers 
of 0,70 and O.75, strong breaks in the pitching-moment curves appear. 

The breaks in the pitching -moment curves appear as large negative or 
diving moments. These changes in pitching-moment and lift curves are 
such that the elevators may be incapable of controlling the attitude 
of the airplane at these speeds. 

If transports are to operate efficiently and safely at the higher 
speeds, that is, 500 to 600 miles per hour, we must consider what mod- 
ifications must be introduced to avoid these difficulties. The wing 
is here considered first, since the wing is the major sour'ce of the 
drag rise of present airplane configurations. As was stated above, 
the wing on this airplane is 18 percent thick at the root and tapers to 
12-percent thickness at the tip, and its drag went up at a Mach number 
of 0.65, If it is desired to fly faster than a Mach number of 0.65, or 
450 miles per hour, the wing will have to be made thinner. The trans- 
port shown in the middle of figure 1 is basically similar to the present 
day, four-engine transport shown at the bottom bf the chart except that 
the wing thickness ratio has been greatly reduced. Also, the blunt- 
type nacelles of this transport have been replaced with long, tapered 
nacelles. The reason for this is discussed below. Figure 4 shows the 
increase in the Mach number of the drag rise that can be obtained with 
unswept wings by using thinner wing sections (reference 3). The Mach 
number for the drag rise is defined as the Mach number where the drag 
first begins to increase markedly. The ordinate is the Mach number of 
the drag rise and the abscissa is the wing-thickness-chord ratio. It 
will be seen for the lift coefficients shown that the Mach number of 
the drag rise increases by approximately 0.015 or about 10 miles per 
hour for each one-percent reduction in wing -thickness ratio. If the 
wing-thickness ratio is reduced to 10 percent, the flight Mach number 
can be increased from 0.65 to approximately 0.73 at a lift coefficient 
of 0.3, This thickness ratio is about as low as it would be practical 
to go since fuel-storage space is required. However, thinner wings 
might be used with external tanks if necessary; but a weight penalty 
would have to be taken for these thin wings if the structural strength 
is to be maintained. The reduced wing thickness would introduce a 
trend towards increased wing-chord and in reduced wing aspect ratio with 
a corresponding reduction in aerodynamic efficiency. 

Wing camber leads to further increases in the Mach number for the 
drag rise although the effect is much smaller than the effect of wing- 
thickness ratio (reference 4)., If the airplane has to have satisfactory 
flight characteristics appreciably beyond its design operating speed, 
the amount of camber to be used should be restricted because the 
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lpnsitudin£l-Gtabliity problems that, were previously noted are aggra- 
vated by-'' 'camber, 

.Thus, a Mach number of about .0, 73 .or 480 to . 5 00 mph is about the 
limiting flight- speed that can be. obtained by decreasing the wing- 
thickness “ratio and introducing camber, for unsvept wings. 

... In- older to fly at Mach numbers above about 0,73, the wing must 
:.be swept/ .The. transports- shown in the upper right corner of figure 1 
represent ' two versions of future-day transports; the upper transport 
is a turbo-prop, version and the lower transport represents a turbo- 
jet .'.version,.; The wings and tail surfaces have been swept back approx- 
imately- 35° The convent i'cnal fuselage is replaced with one having 
increased fineness ratio. and a rather sharp .pointed nose. The nacelles 
are the long tapered nacelles. The reasons for these aerodynamic changes 
.are. discussed. below. What can ; be accomplished with sweep. is indicated 
-in .figure 5 , , Shown -'here, are some data for the same wing which has been 
sweptback .from 0° .to 3-0° and 45° by rotating it about the root. Thus 
the wing section measured perpendicular to .the leading edge remained 
unchanged-; -.The data plotted in figure - 5 show, the Variation of maximum 
L/C with Ka.ch number. As stated above,- the drag begins to increase 
above • a ^ach, number of 0.76 and the lift-to-drag ratio decreases 
correspondingly. Sweeping the wing to 30° delays the i/D decrease 
•to. a Mach number of 0.02. At 45°- sweepback the lif t-.to-drag ratio 
starts to decrease at approximately 0,90 Mach number. The improved 
characteristics in L/D for the sweptback wings at the high Mach num- 
bers are the principal reason for employing sweep on these transports 
shown on the. chart. In order : to. realize the full' advantages of sxveep, 
the wing thickness, should be- kept low; 

Besides improving the lift-to-drag ratio characteristics, the use 
of sweep also reduces the adverse effect of compressibility on the 
s.tability-and-control and buffeting problems at high speeds. 

There are a ; number of disadvantages associated with the use of 
wing sweep. One" limitation on the use of sweep is its inherently high 
landing speed resulting from the fact that the sweptback wing stalls 
at a much lower lift coefficient than does a straight -wing. The prob- 
lem of getting satisfactory landing characteristics is further aggra- 
vated for the swept wings by the instability that develops at high lift 
coefficients. The elimination of such instability requires a trend 
toward lower aspect ratio which of course will reduce the aerodynamic 
efficiency. Some low-speed characteristics of thin-wing and swept-wing 
configurations are discussed in a subsequent paper {Part 12), 
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In addition to the maximum lift instability problems, there is at 
least one other limitation on the use of swept wings. This is the 
effect of the air forces in distorting the wing and thereby affecting 
its aerodynamic characteristics. The wing lift raises the tips and, 
since the bending is approximately through the line normal to the wing 
axis, a distortion results, and a large effective reduction in angle 
of attack occurs at the tips. This reduces the lift at the tip, and 
the center of load usually called the aerodynamic center, moves inboard 
and therefore forward. The effect is proportional to the dynamic pres- 
sure and is affected by both speed and altitude. Illustrated in fig- 
ure 7 is the aerodynamic-center shift for a typical highraspect-ratio 
swept wing. The. figure shows the variation of the forward., aerodynamic 
center shift in percent of the mean aerodynamic chord with flight speed ■, 
for sea level, 20,000 feet, and 40,000 feet altitudes. At 20,000 feet 
and 500 mph the forward aerodynamic shift amounts to 13 percent of the 
mean aerbdynamic chord and at 40,000 feet the forward aerodynamic-center 
shift is only 6 percent.- Thus, it can be seen that high-speed flight 
is quite limited to the high altitudes if the aerodynamic-center' shift 
is to be kept within reasonable limits,- unless the structural weight of- . 
the wing is greatly increased. Other static aeroelastic effects that <■:■■■ 
are troublesome at high dynamic pressures are those due to aileron' 
deflection. The rearward center of lift due to aileron deflection tends \ 
to twist the wing, reducing its angle of attack. This effect is aggra -, 
vated by the previously mentioned effect, since the aileron lift at the 
wing tip tends to raise it and results in the effective reduction in 
angle,' The wing will thus have to be very rigid and some- compromise 
with aspect ratio will be required to keep the lateral control from 
actually reversing itself at the high dynamic pressure. The aeroelas- 
tic problems discussed which make the design problem somewhat difficult 
pertain only to the wing. It should be mentioned that there are aero- 
dynamic factors other than the wing that enter into the design; however • 
reasonable solutions to some of these problems have been obtained for 
the speed range considered here. 

Another aeroelastic effect is the simple wing divergence which is 
of importance only for the unswept wing. Since the center of lift is 
ahead of the torsion axis, the lift increases the angle of attack and, 
if the dynamic pressure is very high, the wing will have to 'be very 
rigid if it is not to fail by simple twist divergence. The reason for 
discussing these aeroelastic effects is the fact that the reduction of 
these effects will lead to a trend towards reduced aspect ratio which 
is undesirable from an aerodynamic viewpoint, and further emphasizes 
the need for flying at high altitudes. 

This discussion has been concerned with the delay and reduction of 
the adverse compressibility effects on .wings. Components of the airplane 
other than the wing may well become the critical factor in determining 
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the- limiting normal operating speed of the. airplane. 

; : Figure 8 shows the variation of the drag coefficient based on body 

frontal area with Mach number .of several streamline bodies of. revolu- 
tion, which for all practical purposes can be considered as fuselages 
or nacelles. The data were obtained from rocket -powered models and, 
•herice, the tail surfaces on the. models were necessary in order to obtain 
■ stabl lity- in flight. The bodies have fineness ratio, of 6,0 and. -9.0 and 
differ" only in the location of the maximum diameter. By increasing the 
fineness ratio from 6.0 to 9.0 with the maximum body diameter located at 
20 percent of the fuselage length, the Mach number for the drag rise can 
be increased from 0,82 to. 0.88. If the position of the maximum diameter 
is' moved rearward as shown by the bodies in the lower portion of the 
figure, the Mach number for the drag rise can be increased to approxi-.. 
mately 0.9$: The relatively high values of the Mach numbers for. the 

drag rise .for these streamline bodies of revolution are due . to the three- 
dimensional type .of flow over the bodies. It can be concluded that 
fuselage shapes can be designed' which will operate efficiently. at high 
speeds . ' ; 

Flying-boat 'hulls can be considered In connection with the subject 
- of 'fuselages. The "shape of the' flying-boat hull is hot necessarily 
inconsistent with' high-speed flight. .The high fineness ratios., or high 
length-beam ratios, that have been' found very advantageous for flying- 
boat hulls, are precisely what have just been concluded as being 
helpful for high speeds (references 5 and. 6). 

With regard to nacelles which come' in all shapes and sizes, the 
problem is basically similar to that ' .for. fuselages , except that' there 
tends to be an especially critical problem with respect to the wing- 
nacelle interference (references 7, 8, ana 9). .In the case of the 
fuselage, or the outboard side of the nacelle, figure 9, ..there 'is 
fortunately a favorable pressure gradient along the intersection, which 
tends to prevent flow separation in this region. On the inboard side 
of the nacelle, there is an unfavorable pressure gradient which tends 
to spoil the flow in that region. Careful design may alleviate • this 
difficulty, but there remains the fact that the combined velocity incre- 
ments due to the wing and the nacelle tend to reduce the drag-rise Mach 
number, especially along the joint of the inboard side. It is important 
that the combination be arranged so that the regions of highest velocity 
on the wing and nacelle separately do not fall together in the combina- 
tion. 


There does not seem to be much basic aerodynamic difference between 
a mid-wing and a low-wing nacelle from an interference standpoint, but 
the low-wing nacelle involves least interference with the wing structure 
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and also helps to stow landing gear. .. 

Suspending the nacelle from a pylon is also feasible, but the 
pylon must be sufficiently long. A short pylon results in local 
crowding in the region between the nacelle and the wing, with low- 
drag-rise Mach numbers and likely buffeting. With the long pylon, 
the foi-ward or rearward position of the- nacelle is preferable, and 
also the- pylon nedds. to be swept about 30° or more if the highest 
drag-break Mach number for the arrangement is desired. 

The air inlets on these nacelles offer no special; difficulty in 
the speed range that has been considered as is indicated by the 
external drag characteristics of the two lower inlets in figure 10. 

The blunt cowlings that have been used over the engines for the past 
numbers of years will be replaced with the longer-tapered inlets in 
order to avoid high local velocities right at the cowling lip. Where 
the design requires a side inlet, the problem becomes somewhat more 
complex; but reasonable solutions for these inlets have been obtained 
for the speed range that has been discussed. 

To conclude, a rather broad discussion of some information which 
is applicable to the design of transports to operate efficiently 
aerbdynamically . and safely in the speed range of 500 - to 600 miles per 
hour has been given. In order for the transport to operate in the 
speed range, of f;00 to 600 miles per hour the wing thickness ratio was 
reduced to 10 percent and, the wing was swept back as shown in figure 1. 
In addition, the fineness .ratio of the fuselage was increased the 
position ofmaximum diameter was moved rearward, and a rather sharp 
nose shape was used. Also, the rather large-diameter, blunt-type 
nacelle was replaced with a smaller-diameter , long, tapered nose 
inlet. Some discussion of the aeroelastic problems which occur to 
make the design problem somewhat difficult was also given. There are 
other factors such as the pertinent engine and propeller characteris- 
tics, choice of power plant, that is, the turbo-prop or the turbo-jet, 
etc., that enter into the feasibility of flying at high speeds. But, 
essentially the aerodynamic factors which were discussed determine to 
a great extent whether this transport will operate efficiently and 
economically. 
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Figure 1. - Comparison of present day and future day transports. 
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Figure 2. - Variation with Mach number of the drag coefficient and lift- 
to-drag ratio for level flight for a modern four-engine transport. 
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Figure 3. - Lift and pitching moment characteristics for a modern four 

engine transport. 



Figure 4. - Effect of wing thickness ratio on the Mach number for the 

drag rise. 
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Figure 5. - Effect of sweep on the maximum lift-to-drag ratio. 
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Figure 9. - Nacelle configurations. 
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Figure 10. - Effect of Mach number on the external drag characteristics 

of three nose inlets. 
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A2RQNDYNAMIC CONSIDERATIONS EOR HIGH-SPEED TRANSPORT aIRPLANES 
12. * PROBLEMS OF OBTAINING SATISFACTORY LOW-SPEED FLYING 
. QUALITIES FOR THIN-RING aND SV/EPT-WING AIRPLANES 
By Lawrence A„ Clousing 
Ames Aeronautical Laboratory 


Future high-speed aircraft will no doubt incorporate thin wings, 
swept wings, or thin swept wings. These types of wings, while very 
desirable from high-speed considerations, create a number of pro- 
blems in obtaining satisfactory low-speed flying qualities. 

For thin wings and wings of small values of sweepback, that is, 
for wings not exceeding about 35° of sweepback, the problem of ob- 
taining satisfactory low-speed flying qualities is not very diffi- 
cult of solution, A number of airplanes having swept back wings of 
about 35° are operating with relatively satisfactory low-speed char- 
acteristics, the main differences in low-speed handling from those 
of conventional aircraft being due principally to the characteristics 
of the jet power plant rather than to the aerodynamic characteristics 
of the airplane. As sweepback of a wing becomes larger than about 
35°, however, aerodynamic problems increase in magnitude pronouncedly. 
It is the problem of obtaining satisfactory low-speed flying qualities 
for the airplane with highly sweptback wing that at present prevents 
serious consideration being given to the use of highly swept-back 
wings on other than research airplanes, even though high values of 
sweepback offer considerable advantages at high speed. 

It is the purpose of this paper to summarize the nature of. the 
low-speed stability and control problems that arise through the use 
of thin-wing and swept-wing airplanes, and to briefly touch upon the 
results of research work accomplished or under way that indicate the 
possibility of ultimately providing satisfactory low-speed flying • 
qualities for even very high sweptback wing airplanes. 

The main problems created at low speed by use of thin wings are 
those of an increase in landing speed and a tendency toward undesir- 
able stalling characteristics. Figure 1 shows the general trend of 
the variation of maximum lift coefficient with thickness ratio (ref- 
erences 1, 2, and 3). This variation is shown for an airfoil with 
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no flaps, and for an airfoil with- a split flap. Note that maximum 
lift coefficient of the airfoil with flaps decreases continuously 
with decreases in 'thickness ratio throughout the range shown, and 
the decrease is more pronounced than for the airfoil without flaps.. 

In terms of stalling speed, these data show that in the case of the 
airfoil with flaps, a 17-percent increase in stalling speed would 
result from decreasing the thickness ratio from' 16 percent, which 
is typical of the thickness ratio on contemporary transport airplanes, to 
9 percent which is probably typical of future airplanes. Below approx- 
imately 12-percent thickness ratio, a change in the nature of the in- 
itial flow separation at stall occurs (see reference 3)» Instead of 
separation starting at the trailing edge, it may be expected to start 
at the leading edge. On airfoils of about 9 to 12 percent thickness 
ratio, this results in abrupt separation . of the flow f rom. the. entire . 
upper surface at stall with adverse effects -on the nature of the .stall 
and stall warning. Thus' it is apparent that if- maximum lift and satis--, 
factory stalling characteristics- are to be preserved- on thin airfoils, 
leading-edge separation must be prevented or controlled, . , 

Control of leading-edge separation, is possible to a limited ex- 
tent by use -of camber arid by -making . the leading edge more "rounds and 
to a large extent by use of slats, -drooped, leading-edge arrangements 
of various types, and suction. In figure 2 sectional' forms of some. : 
types of leading-edge ' devices that have been studied with respect, to- 
their ability to control separation, at the- leading edge are shown 
(references 4j 5, 6, and 7).. Their effectiveness in combination with 
several types of trailihg-edge devices is also indicated,. Although 
the values given are for airfoils of 12-perceht thickness ratio, 
rather than'- -for the thinner, airfoils being discussed,' comparable data 
on thinner wings not being available, enough is known to' indicate, that 
these data are indicative qualitatively of -the effects of. such devices 
on thinner airfoils. The airfoils shown on the right-hand- side of- ; 
the figure have no camber, , whereas, those on the' left side have slight 
camber. It is apparent from a comparison frith- the plain airfoil’ sec- .. 
tions that camber increases maximum lift coefficient. On the. air- 
foils on the right, two types of drooped or extensible leading edges 
are shown, and it may be seen that each . increases maximum lift c.o- - ' ; 
efficient whether applied to a plain wing or to a wing with a split 
flap. It will be observed ' that one type is much better than the 
other, pointing to the possibility that research' will lead to even 
better arrangements. On the left, slats in combination with a plain 
wing and in combination with wings having double slotted flaps are ■ 
shown. It may be seen that an increase in maximum lift comparable ... 
to that obtained with a drooped leading edge may be attained by use 
of a slat. As illustrated by the airfoil- on the upper 'left, addi- 
tional increase in maximum lift can be obtained by removing part of 
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the boundary layer by suction, in this case through a slot located 
at 40 percent of the chord. 

From this brief summary of tests on high-lift devices, it is 
apparent that means exist for bringing the maximum lift of thin 
wings up to and in excess of the values that exist for wings of 
present-day conventional values of thickness ratio, but at the ex- 
pense of adding gadgets to the leading edge. The addition of 
leading-edge slats or other devices need not, however, complicate 
piloting technique, as these devices may be made to operate auto- 
matically. Considerable satisfactory flight experience with auto- 
matic operation of slats has already been obtained. 

If swept wings are used, the usable stalling speed tends to 
increase. The reasons for this are somewhat complex, and will now 
be explained. In actuality, maximum lift does not necessarily de- 
crease with sweepback, In figure 3 the relative maximum lift as 
determined by experiment (references 8, 9, 10, and 11) and as pre- 
dicted by simple theory is plotted as a function of sweepback angle, 
also shown on the chart is the angle of attack for maximum lift plot- 
ed as a function of sweepback. The relative maximum lift shown is 
the ratio of the lift of the wing at a given angle of sweepback to 
the lift of a similar wing at zero sweepback. Notice that simple 
theory predicts a decrease in maximum lift with increase in sweep- 
back. This simple theory is based on the fact that, as a wing is 
swept back, the component of velocity normal to the wing leading 
edge varies as about the square of the cosine of the angle of sweep- 
back. Experiment shows that increase in sweepback is accompanied by 
a decrease in relative maximum lift snail er than that predicted by 
simple theory or even by no increase. This is one case, however, as 
will be explained, where simple theory is fairly representative of 
the practical aspects of the situation in regard to the usable lift 
of an unmodified sweptback wing. In itself, maximum lift cannot be 
used to evaluate the highest lift at which a swept-wing airplane may 
operate. The influences of attitude, pitching moments, and drag due 
to separated flow limit the usable lift of a swept-wing airplane. 

The influence of altitude, pitching moments, and drag will be dis- 
cussed in turn, followed by a brief discussion of research work di- 
rected at modifying the sweptback wing to extend the limits imposed 
by these factors. The upper curve indicates the extent to which 
angle of attack of a sweptback v/ing must be increased to attain max- 
imum lift, and is based on experimental data for wings of the plan 
forms shown (references 10 and 11). This curve shows that an angle 
of attack of about 37 degrees wculd be required to obtain maximum 
lift of a wing swept back 63 degrees, and that about 20 degrees angle 
of attack wculd be required to obtain maximum lift of a wing swept 
back about 45 degrees, .although no definite figure can be given here 
as to the largest angle of attack that can be used in practice for 
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landings and takeoff s, it is apparent that an acceptable attitude 
for an airplane will be less than the value of 37 degrees. There 
are means of minimizing the attitude problem here posed, and they 
will be mentioned later. 

The limiting value of the lift of a sweptback wing is in essence 
a function of the nature and extent of separation of airflow that 
occurs prior to reaching maximum lift. Separation affects’lift, pitch- 
ing moments, rolling moments, and drag. The separation pattern shown 
in figure 4 is typical of the separation pattern of moderately swept- 
back wings (references 12 and 13 ) , Here the separation patterns : ab 
three angles of attack indicated at A, B., and C are shown, -and each 
pattern is correlated with the- value of lift coefficient and pitch- 
ing moment corresponding which are plotted as functions of angle of 
attack in the diagram above. - Consider first the effect of. a stall- 
pattern sequence of this type on the pitching moment that occurs as 
angle of attack is increased, as rough’ - flow first occurs at- A- a 
nosing up tendency develops as shown by the change- in the shape of. 
the pitching- moment curve,- As angle of attack is increased the up^ 
ward trend of the' pitching moment ’curve continues, and the extent of 
rough flow enlarges till the condition shown at B is- reached. «s . the 
angle .of attack is. increased beyond the value at B the outer portion 
of the wing completely stalls .abruptly, following a very small change 
in angle of attack; the center of .lift moves abruptly forward, and an 
abrupt nosing-up pitching moment-. is produced as' well as- a loss of .lift. 
The abrupt pitching up motion is very undesirable. It limit s . t he .- lift 
value that may be used in -practice irrespective of whether maximum 
lift is attained. On wings, of higher values of sweep back- the- abrupt 
pitching up motion devlopa before maximum lift is reached,,- This is 
illustrated in figure 5, in which pitching' moment 'is plotted as a 
function of lift coefficient for, wings of 0, 45' and 63 degrees-- of 
sweep back. ■ Hote that on the 63 - degree sweptback wing - the pitch'ing- 
up tendency developed .at a lift coefficient, of only .5, whereas the - 
45-degree sweptback wing it, developed at . a lift coefficient of approx- 
imately .7. In each case it is considerably below the value of max- 
imum lift coefficient. . Hot e also, in contrast 1 , that- the wing: of -zero 
sweepback developed a slight nosing-down tendency when separation 
occurred and that separation occurred at the maximum’ lift coefficient. 
Another point of interest is that the wing of ’ 63- degrees '-sweepback 
developed an unduly large nosing-down tendency- ’at-a low value -of. lift 
coefficient, although this no sing -down moment can be dealt’ with- from 
the stability standpoint by the horizontal tail, the large nosing- 
down pitching moment would cause a considerable 'down load being re- 
quired on the horizontal tail for' balance with attendant ’ loss of 
total airplane lift, increased size and weight of the .tail, and in- 
creased drag. The effects regarding pitching' -moment are reduced in 
magnitude and may be eliminated if aspect ratio'is reduced sufficiently. 
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but inasmuch as low-aspect-ratio wings would not afford economical 
operation this means for solution of the pitching moment problem 
■will not be discussed. 

Various devices may be used to control separation on swept 
wings and thereby eliminate the adverse pitching moments just dis- 
cussed. Some of these devices, on which research studies have been 
carried out, are illustrated in figure 6 and the effect of each on 
the pitching moment of a 42-degree sweptback wing is shown (references 
14 a nd 15). dote that when a normal split flap was used on the con-, 
figuration shown to the left, the curve of pitching moment as a func- 
tion of lift coefficient broke in a nosing-up direction at the max- 
imum value of lift coefficient. The addition of a leading flap as 
shown, however, caused the pitching moment to break in a desirable 
direction, and extended the maximum lift coefficient as well. When 
a slat was used the end result was favorable, but an undersirable re- 
gion of instability occurred just before maximum lift was developed. 
This unstable region was removed by the addition of an upper- surface 
fence located at the inward end of the slot. 

It should be noted that the foregoing discussion has dealt with 
the pitching moment effect of the wing alone. The addition of a hori- 
zontal tail would tend to alleviate the adverse effects shown. 

I The -.result s- of separation with regard to rolling and buffeting 
tendencies (figure 4 ) will be discussed from the standpoint of stall 
warning and stalling characteristics. The fact that separation occurs 
near the tip and spreads inboard abruptly would appear to indicate 
that such a wing would have undersirable roll when this occurred, and 
that there would be a loss in aileron effectiveness. On another more 
highly sweptback wing, however, as shown in figure 7, separation 
progresses rather gradually with change in angle of attack, inasmuch 
as a 12-degree change in angLe of attack is required for separation 
to develop to the extent shown. This could indicate that adequate 
stall warning by buffeting might exist, and that roll-off might not’ 
occur abruptly. The probable stalling characteristics of swept-wing 
airplanes are not yet fully predictable. Evidence to date indicates 
that the roll-off tendencies at stall on airplanes with highly sv;ept. 
wings may not be as adverse as once thought, and flight data to date 
in general indicate relatively good stalling characteristics are 
possible of attainment on sweptback-wing airplanes. 

As pointed out earlier, the occurrence' of separated air flow, 
should be considered also because of its effect on increasing drag. 

The effect of separation is to cause an unduly large increase in 
drag before maximum lift is reached. This increase required greater 
engine power to sustain level flight than would be the case if there 
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were no separation, or putting it another way, separation increases 
the power-off glide angle. The lift-drag ratio, an important factor 
to Consider in regard to the glide angle and sinking speed, is shown 
in figure 8 as a function of lift coefficient for wings of constant 
wing panel aspect ratio set at sweepback' angles of 0, 45, and 63 de- 
grees. : It will be noticed that the combined effects of sweepback, 
decrease in aspect ratio, and separation cause the lift-drag ratio of 
the sweptback wings shown to be quite low at. the lift coefficients 
probable during approach and landing. It is known that the value of 
th.e lift-drag ratio of an airplane during approach and landing has a ■ 
significant bearing oh the'' ease with which a pilot can effect a land- 
ing, (references 16 and 17). If the ratio is too high, the glide path 
is too shallow- and the -airplane tends to float during landing. If 
the ratio is too low, the power-off sinking speed and glide angle be- 
come large. I'light tests have indicated that if the lowest possible 
power-off -sinking speed during ■ approach is greater than 25 feet per.- 
second, pilots will have difficulty in making consistently -good power- 
off landings. However, pilots have landed researh airplanes satis- 
xactorily with power off even though sinking speeds were considerably 
higher than 25 feet per seoond. In these cases, however, large areas 
were available for landing so that the need of landing at, a given spot 
was eliminated. The lower- limit of lift-drag ratio, as determined by 
landing consideration's, has not, yet been established. Sufficient 
information is available, however, to indicate that lift-drag ratio 
will have.. a definite- bearing on pilot technique at landing and take-off, 

The characteristics' of flaps- in increasing the lift of sweptback 
wings. will, now be discussed. -Figure 9 shows, for the case of. a typical 
flap installation, the increment of maximum lift coefficient due to" 
flaps, plotted as- a .function' of sweepback (reference 18). " It will be 
noted that the increment . of -maximum lift' coefficient decreqjs-es with 
increase in sweepback, becoming zero at about 60 degrecs'of . sweepback.- 
Flaps nevertheless . offer a considerable advantage even on .very highly 
swept back wings.. This advantage can b e ' explained by reference to the 
diagram in the upper right in which -‘lift' coefficient is' plotted as a 
function : ,of angle of attack for the case of 'a, wing, with no flap, and 
for the . c as:e of. a wing with -a flap.’ ' It may be observed here, that the' 
increment, of. maximum lift coefficient is 'not' indicative of the. incre-.- 
merit . .at any- given - angle below' the angle of attack for maximum lift. .- 
This is, true : even for wings of ' sweep back up to 60 degrees. and higher. - 
As has been pointed out. eirlier, the maximum lift that can be utilized 
will be at some aqgle of attack below that for. maximum lift. Thus, even 
though, no increment -in maximum- -lift coefficient ’ll available from flaps 
on highly swept back wings, an appreciable' increment is. available at 
the values of lift that can- be used. A curve .of . the increment of lift 
coefficient due to flaps at some angle less than the. angle for maximum- 
lift would be at an increment of lift coefficient about .2 above the 
curve shown and roughly parallel to it. 
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Although flaps are useful on sweptback wings, and slats and 
drooped leading- edge arrangements are a means of • controlling leading- 
edge separation (references 19, 20, and 21), their combined effect is 
not sufficient to provide completely satisfactory. characteristics for 
highly sweptback wings. Twisting a swept wing from the root to the 
tip so that the tip is at a smaller aqgle of attack and varying the 
camber along the span also helps to delay separation on a sweptback 
wing (reference 22), but more help is needed. 

The use of leading-edge suction is a method for the improvement 
of swept-wing characteristics that shows considerable promise. Re- 
duction of drag is also possible by the use of suction, but this 
phenomenon will not be discussed here, important as -it is. The 
application of suction will be considered primarily ; in regard, to 
its usefulness in improving the pitching- moment characteristics. 

Figure 10 shows a 48-degree sweptback-wing model having an aspect 
ratio 3.4. A slot of .005 chord length was located at. the leading ■ 
edge as is shown in the plan form and sectional views, /dr was 
drawn in through the slot and discharged through the wing by means • 
of the duct shown in- the sectional view. - The effect on the pitching 
moment of sucking a moderate amount of air through the slot' at: .the : . 
leading edge is shown on the curves. Note that. without suction the 
curve of . moment coefficient showed an undersirably -large ; nosing-down- 
tendency above a lift coefficient of .9, and' that it showed an unde- 
sirable abrupt pitching-up tendency at a lift coefficient of about 1.0. 
It will be noted that the pitching-up tendency at- stall was changed -to 
a pitching-down tendency by use of suction in a slot of 50-percent ■ of 
the span, and that a higher value of lift was obtained by use of the 
suction. The use of a 74-percent-span slot increased the. lift obtain- 
able before an abrupt pitching tendency occurred, but it did not elimi- 
nate the pitching-up tendency. Further research, on the use. of suction 
for the improvement of the low-speed characteristics of swept wings is 
in progress and it is showing considerable promise. . - 

Other means of obtaining satisfactory : low-speed characteristics 
for swept-wing airplanes are those of employing a wing of variable in- 
cidence or of variable sweepback. Such means of eliminating the un- 
satisfactory low-speed characteristics of highly swept-wing airplanes 
are being investigated, but they offer considerable mechanical diffi- 
culty and will not be discussed here. 

Figure 11 illustrates some points of interest with regard to 
lateral control at low speeds (references 23 and 24). , The. lower curve 
shows the rolling ability of ailerons, as* sweep back is increased, in 
terms of helix angle at the wing tip of the swept wing in comparison 
to the helix angle at the wing tip of the wing of zero sweepback. It 
is seen that sweepback reduces the ability of the ailerons to create a 
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large wing-tip helix angle in roll. .However, for the case shown in 
which the airplane aspect ratio and consequently the clamping in roll 
is reduced as sweepback is increased, the actual rolling velocity in 
degrees of roll per second does not change appreciably with sweepback. 
In the upper curve, the total aileron angle required to prevent roll 
w hen the airplane is at 7 degrees steady sideslip .is shown as a func- 
tion of sweepback. Notice that, as sweepback is increased, the ability 
of the aileron to hold the airplane in a steady sideslip is reduced, 
ihis reduction is due to both a reduction in aileron effectiveness and 
to an increase in dihedral effectiveness at the higher values of lift 
coefficient as sweepback is increased. . The characteristics here ill- 
ustrated may cause difficulty in effecting cross-wind landing and take- 
off, thereby resulting in cross-wind-landing and take-off conditions 
being one of the critical conditions . determining aileron effectiveness 
requirements. Figure 12 illustrates some effects of Sweepback on 
the lateral dynamic characteristics of airplanes. The number of os- 
s illations required to damp- a lateral oscillations to one half am- 
plitude is plotted as a function of sweepback. It may.be seen that 
as sweepback increases, any lateral oscillation that' may. occur, such 
as that due to a gust will be less rapidly damped and ' actually be- 
coming unstable as indicated by infinite time being’ required .for. damp- 
ing, at some value of sweepback, the exact value depending on other 
factors. The question as to whether or not the oscillation must be 
rapidly or need be only moderately damped depends on the period of 
the oscillation and the flight conditions . (reference 25) At land- 
ing approach, the period is long,, and,' in general relatively low 
damping can be tolerated because the pilot can stop the oscillation 
rather easily by use of his controls „ At cruising speeds, however, 
low damping cannot be tolerated because .the. period is short and it 
becomes difficult for the pilot - to stop the oscillations.- 

Considerable research has been completed and additional work is 
being carried out relative to. the problem o : f obtaining satisfactory 
lateral dynamic characteristics for swept-wing airplanes. -Generalized 
studies have shown that much can be done by. relatively simple changes 
to airplane configurations. Also, research studies have -shown that 
the use, of servomechanisms responding to various signals offer much 
promise as a means of providing satisfactory dynamic stability charac- 
teristics (reference 25). This work may be likened' to that of em- 
ploying apparatus somewhat similar to that of an auto-pilot for im- 
proving the dynamic characteristics of an airplane when flying under 
direct human pilot control. 

In summary, thin wings and high, values of , sweepback intensify 
the landing and takeoff problems of . airplanes . Up to 35°. of sweep, 
the problems of landing and takeoff of airplanes can be dealt with 
by more or less conventional means; that is, by flaps' and slats. 
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Above 35 of sweep, more extreme . means are necessary. Drooped 
leading-edge arrangements, camber and twist, leading-edge suction, 
variable-incidence arrangements, and variable-sweep arrangements 
offer considerable promise. Considerable research and development, 
however, will be necessary. 
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AIRFOIL THICKNESS RATIO 


Figure 1. - Effect of airfoil thickness ratio on the section maximum lift 
coefficient with and without flaps. 
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Figure 2. - Some types of leading-edge and trailing-edge devices, and 
their effect on section maximum lift coefficient. 
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Figure 3. - Effect of sweepback on the angle of attack for maximum lift 
and on the ratio of the maximum lift at a given angle of sweepback to 
the maximum lift at zero sweepback. 
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Figure 4. - Nature of the development of airflow separation on a moder- 
ately swept back wing and its effect on the pitching moment. 





Figure 5. - Effect of sweepback on the characteristics of the variation 
of pitching moment with lift coefficient. 
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Figure 6. - Effect of high-lift and stall-control devices on pitching 

moment. 



Figure 7. - Nature of the development of separation on a wing of fairly 

large sweepback. 

LIFT 



Figure 8. - The value of lift-drag ratio as a function of lift coefficient 
for three wings having different values of sweepback and aspect ratio. 




SWEEPBACK, DEGREES 

Figure 9. - Increment at various angles of sweepback of maximum lift 

due to flaps. 
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Figure 10. - Effect of suction at the leading edge on the pitching moment 

at various lift coefficients. 
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AEROD YNAM I C -CONSIDERATIONS FOR , HICK— SPEED TRANSPORT AIRPiANES 
13 o SPEED. BRAKES FOR HIGH-S^EED TRANSPORT AIRPLANES ' 


By Jack D. Stephenson 
Amos Aeronautical Laboratory 


The development- and operation of large airplanes capable of high 
snoods at high altitudes have indicated the existence of new problems 
that must be met before the performance possibilities of these airplanes 
can be fully exploited,, 

One problem that has gained importance is that of descending from 
high altitude when the time of the descent must be reduced to a minimum,, 
Improved aerodynamic design which has effected substantial reductions in 
drag of transport airplanes has added to the danger of excessive diving 
speeds. The combination of low drag and high engine power available at 
high altitude has brought practical cruising speeds near to the maximum 
placard speed. For turbojet airplanes the cruising speed has been esti- 
mated at as high as 95 percent of the maximum permissible speed. 

The permissible speed at the higher altitudes for most airplanes is 
determined by compressibility effects and is specified in terms. of the 
airplane Mach number. With only a narrow margin between the operating 
speed and the maximum allowable Mach number, overspoeding may occur un- 
der conditions which would precipitate severe stability changes and 
buffeting before there is time to take preventive measures. 

At lower altitudes, the diving speed of most airplanes is limited 
to the indicated speed for which the structure is designed. At this 
speed the maximum dive angle of an aerodynamically clean airplane may. 
bo quite low, and the rate of descent considerably less than that desired. 
The most important use of aerodynamic ; brakes on transport airplanes is " 
then to avoid excessive diving speeds and permit high rates of descent. 

The amount of aerodynamic braking that is considered essential to 
some transport aircraft is based upon criteria that moan extromcly high 
rates of descent. One such criterion is the requirement intended to 
minimize the potential danger of flight at altitudes where cabin press- 
urization is necessary. If the cabin pressure should suddenly be lost 
as a result of damage to the pressurized compartment, first consideration 
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would Oo given .to descending with minimus; delay to an altitude whore 
pressurization is unnecessary,, In an emergency d_oscont such as this, 
there is evidence that rates of descent as high as 15>000 feet per 
minute or higher are to ho desired,. Similar high rates of descent 
would he sought if brakes are provided as a safety device to allow an 
emergency descent and landing, occasioned, for example, by the discovery 
of fire while In flight* 

An example of the descent performance of a transport airplane with 
an aerodynamic brake of a size that appears to be structurally feasible 
is -illustrated in' figure 1„ The dotted curve is the flight path of the 
airplane descending without brakes, and the solid curve is the path that 
might be followed If brakes are employed,, 

■ By use of air brakes, the time for descent from 35 > 000 feet to sea 
level- has been reduced from IS minutes to 3;1 minutes. The change in 
the descent performance sho-wn hero cannot be considered as a general in- 
dication, .of brake performance, however* 

.The performance of any particular brake depends not only upon the 
brake itself, but also upon airplane characteristics, such as wing load- 
ing, drag, and engine thrust, and upon flight conditions at the- time when 
the braking is required* 

The rate of descent of an airplane under any given set of conditions 
may.be used as a measure of brake performance, since the. drag increment 
due, .to a particular brake can be estimated fairly, closely. and thus re- 
lated to rate of descent, ■ 

It has been indicated- that the speed-- of a- diving, airplane' is nor- 
mally limited by compressibility effects dr structural, loadings* The 
rate of descent of an airplane having those speed limitations is shown 
in figure '2 for throe diving . attitudes. The. solid -curves, are the cal- 
culated vertical speed as a function of altitude for-.an .’indicated air- 
speed of 300 miles per. hour .and the dotted curves; are. for a Mach number 
of 0-, 7, The graph' may- be used t, o' show the effect; of . altitude, on the rate 
of descent of an airplane for which tho speed is- at- first hold at a con- 
stant Mach numbers at the altitude whore the -maximum permissible ' indica- 
ted speed is attained at -that Mach number, the descent is then made at 
constant ' indicated airspeed*.. The dive ' angles that were chosen, 20°, 25 0 , 
and 30°? are based upon the airplane, attitude as determined from the 
flight-path angle and angles of attack, assuming a, wring loading of 60 
pounds per square foot. The airplane attitude- that is acceptable in an 
emergency descent' -is a. factor -that must ho further evaluated with regard 
to transport airplanes. The disconcerting -effect upon the passengers of 
experiencing a force tending to pitch them forwrard may bo a major factor 
in limiting the rate of descent. 

With tho airplane nosed down 20°, a rate of descent of more than 
10,000 foot por minute is attainable at all altitudes above 5»000 feet* 
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For stocpor angles, the vortical speeds increase approximately in. pro» 
portion to the diving attitude. 

The attainment of the rates of descent shov/n is possi'hl-e-, however, 
only if there is available the means of producing a considerable drag 
force. Without such a drag, the speed could not be restricted to the 
values shown. • ■ 

Figure 3 shows as a function of indicated airspeed, the drag coef- 
ficients required to prevent increases in the speed of the airplane for 
the same three dive angles,, The drag coefficient plotted here is the . 
calculated value for the complete airplane with braking devices, and, 
if there is a residual thrust from the engine, the drag must bo. further 
increased to balance such thrust. The dotted curve in this figure i& 
the variation of the drag coefficient with indicated airspeed for a 
typical high-speed transport, A comparison of the latter curve with 
the curves of drag coefficient required for descent indicates that if 
the speed is low, very high drag increments must be provided by the aero- , 
dynamic brakes. 

Drag requirements are relativel 3 r moderate if the descent may bo made 
at a high forward speed. In figure. 4, vertical speed is presented as a . 
function of altitude for throe indicated airspeeds, 3^0, 35^» and 400 raph, . 
and two Mach numbers, 0,7 snd 0,8, An airplane attitude of 20° and.'a 
wing loading of 60 pounds per square foot have boon assumed,- It is evident 
that high forward speed permits the highest, rates of descent,;- 

Although the most rapid descent results from high speeds, ..the -ability 
to maintain a low forward speed often would-be extremely advantageous. 

For example,, the ride-roughness level might \ then be kept within satis—, 
factory limits for passenger airplanes. These limits arc discussed in 
reference 1. If an emergency descent were made .during excessive atmos-. 
pheric turbulence, high forward speeds might easily result in. dangerous ■ ■ • 

gust loadings. 

The effect of airplane wing loading on the drag coefficient re- 
quired for descent with an airplane dive attitude of 20° is .shown in 
figure The curves, which compare .wing loadings . of 40, '60, and SO - - . 
pounds per square foot, show that the drag coefficient varied practically 
in proportion to. the wing loading. The possibility of increased cruising ;• - 
speeds of transports is loading to substantially higher.- wing- loadings and. 
is one of the primary reasons that the braking -problem is now gaining . 
such importance. 

Another factor indicating the increasing importance of braking, is 
the rapid decrease in indicated speed, or dynamic pressure, as the alti- 
tude increases for any given Mach number. . Present designs: for transports, . 
particular ly those with turbojet power, are aimed at high operating alti- 
tudes to take advantage of the increased fuel economy.; With the low dy~ . • 
namic pressuro corresponding to .the allowable Mach number, drag coefficients 
must be increased many times over the values for the clean .airplane. 
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If a fuselage-typo aerodynamic "brake were employed to produce an 
airplane drag coefficient of 0 o l, which is the value shown corresponding 
to- an indicated airspeed of 290 miles per hour and a wing loading of Go 
pounds per square foot, the "brake would hav~ an area of at least 7 per- 
'cent of tho wing area c This would mean for a present-day 60-passenger 
transport, which did not have available tho braking due to its propellers, 
tho total area of tho brake would" be .about .100 square feet,, Tho large 
size indicated here is "a result of the extreme' debcent performance re- 
quirements, and corresponds to., a vertical speed of I 57 OQO feet per min- 
ute at an altitude of 30,000 foot, At 10,000 feet altitude ■ the rate of 
descent would be 10,.600 feet per rainute v . 

The preceding discussion of air brakes has..- bcen : -based upon a simpli- 
fication of the braking problem, in order to establish some, of the maximum 
limits of brake performance, .assuming that the attainment "of very high 
vertical speeds is the principal problem,, ..The' extent to’ "which these speeds 
may be possible, however, depends upon other .factors, besides the ability 
to provide sufficient drag, / ,- - -." . 

In an emergency resulting from loss of cabin pressure at high alti- 
tude, tho passengers would .bo at.- the outside pressure 'altitude, A high 
rate of pressure increase resulting from high. vortical velocities is 
known to be objectionable.. Even-. when cabin decompression has not occurred, 
■the allowable rate of pressure change would .limit a. ’descent at low alti- -.. 
tuaes since, below 8,000 or 9*000 feet,, the cabin-pressure would again < 
be about equal to the outside pressure. 

The value of aerodynamic brakes cannot be gauged by consideration 
of tho emergency-descent problem alone, As .-an auxiliary speed controls 
brakes have proved to bo particularly valuable to .turbojet aircraft,--., - 
which lack the braking off ect .-provided by an engine-propeller combination. - 
during a throttle-back glide. During a 'landing > letdown and approach-, 
they may bo used to quickly reduce the speed so -that the landing gear 
and flaps may be operated, or that the airplane' may better conform to 
traffic-control-zone conditions, 1 .. 

Brakes may be employed so. as to alleviate some phases of the range 
problem of turbojet aircraft," In.; order;. -to arrive at the destination 
with; tho required reserve fuel and adr’i-tidnal range, during the- latter 
portion of the flight, tho pilot.- might/maintain high altitude instead 
of making a gradual descent- at a speed .for-’high lift-drag ratio 0 The - . - 
amount of reserve fuel required to reach’ an alternate airport, would 
then be considerably less than that required if the flight to the al- 
ternate-airport were made at low, -altitudes, or if such a flight involved 
climbing again to a more efficient altitude. Under such conditions-, 
when tho lot-down is finally made, it.--. probably would be accomplished as 
rapidly as practicable, consistent with pas' cngor-comfort requirements-, .- ■ 

. Although values might bo •chosen- to ropresont satisfactory speed 
control and glide-path control, tho .-significance of these values, can 
bo established only from operational experience,, Obviously, the drag 



increments. Required : of : the brakes in these .applications are considerably 
loss 'than those required for emergency descents,, 

-Aerodynamic brakes have been successfully employed on many typos 
of -airplanes,,.. Their use with transports' is relatively recant j but ex- 
perience with' other, typos' of- airplanes -provides a good basis for their 
evaluation, . . .- ' ' 

Since aerodynamic brakes are primarily only a device for increasing 
.airplane drag,' and are not otherwise greatly restricted, they have a 
wide variety of geometric characteristics, For the same reason they 
have been located : on airplanes in a variety of places,. In some cases the 
landing gear has been designed to serve as an air brake, when extended,, 
Mere commonly, the. brakes have consisted of hinged plates or flaps 
(sometimes, perforated) on the wing or large retractable panels on the 
■fuselage side or belly,, Figure 6 shows some of these types of air brakes 
(a) a perforated brake of the split flap typo on the wing, (b) three plain 
panels on the fuselage aft -of the wing, (c) a large folding panel on each 
side of -the. fuselage . and (d) spoiler-type brakes on the wing-, 

■ Aerodynamic., brakes as shown on . the upper surface of the wing have 
been found to cause • increases in the airplane drag amounting to more 
than twice the. drag of an isolated plate of the same size, The high 
effectiveness of. this type of brake is due to its spoiler type of action 
causing flow separation' over the wing, This type of brake has -the' ad- 
vantage that the airplane angle of attack may bo increased, reducing the 
diving attitude in a steep descent, A spoiler typo of brake may be un- 
favorably affected by compressibility, increasing buffeting tendencies 
or stability .changes to which an airplane may be subject at high Mac-h 
numbers,. Aerodynamic- characteristics of this type of brake are presented 
in references 2 and 3b - " 

The fuselage type..of : brake, if extended to a position approximately 
perpendicular to. the -air stream, has been found to produce a drag in- 
crease about equal- to' that' du'e to the brake alone (see reference 3)-„ 

By designing this type of brake installation so that the wake is a suf- 
ficient distance. ..from the tail surfaces of the airplane, it is possible 
to avoid buffeting due to the brakes, and prevent appreciable changes 
of stability when the brakes are extended, even at Mach numbers greater 
than 0„9, 

Another typo of braking is provided by reversing propeller pitch 
in flight* In reference 4 tests are reported indicating that the re- 
versed thrust from tho propeller offers a very powerful moans of braking 
propeller-driven airplanes,,. This paper describes tests of a multi-engine 
transport airplane during which rates of descent of 11,000 -foot per min- 
ute were obtained at 'an indicated airspeed of 200 miles per hour, woll 
below the maximum placard speed. The remarkable descent, performances 
that were obtained indicate that this type' of braking should bo developed 
for the general use of airplanes -for which the descent problem is import- 
ant, and if possible adapted to turbopropeller installations. 
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Flights of a single-engine turbojet ' airplane wore made at the 
MCA Ames. Aeronautical Laboratory to measure the' time required for • 
descant from 33,000 feet without aerodynamic brakes and with brakes 
of the fuselage-side typo* The first chart in figure 7 is a com- 
parison of the drag coefficients just after the start of the descents* 

A large part of the total drag in both eases was not available to assist 
in the desc ant , because it was cancelled by the thrust of the engine* as 
shown by the cross-hatched portion of this graph* This large thrust, . 
which remained when the engine was throttled back, is characteristic 
of present jet engines* 

The second, chart is a comparison of the time required for the two 
descents* Without brakes, the descent to IOjOOO foot, which was made 
at an' indicated speed of 365 miles per hour, required 15„7 minutes* 

With the brakes extended, the time for the descent at the same indicated 
speed was roducod to 2*5 minutes* 

The aerodynamic problem of providing air brakes for a particular 
airplane centers primarily upon the determination of the roquired 
braking force* This force depends upon the wing loading of the airplane, 
the air speed, and altitude at which the brakes arc needed, as well as 
the deceleration or the angle of the flight path which results from the 
use of the brakes* If these factors can bo specified, available data 
from wind-tunnel and flight tests may be used to determine the brakes 
size requirements* The tests of the specific configuration may be needed 
to see that the brakes do not introduce adverse stability or trim effects 
or cause buffeting* 

Experience in the operation of various types of airplanes has 
proved that aerodynamic brakes are a valuable addition as an auxiliary 
control of flight characteristics* ■ Research' on brake effectiveness has 
made it possible to select brakes that are aorodynaraically suitable to 
provide the control important to the operation of transport-type air- 
planes* Although there remain mechanical and structural problems 
associated v/ith the addition of brakes to any given transport, benefits 
possible through the use- of aerodynamic brakes can be realized by judi- 
cious use of the available results of tests and exporience- 
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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES 

lb. REVIEW OF HANDLING QUALITIES REQUIREMENTS 
’ IN RELATION TO AIRPLANE OPERATING PROBLEMS 

By Christopher C. Kraft, Jr. -- 

Langley Aeronautical Laboratory 


The handling qualities of an airplane are defined as the stability 
and control characteristics that have an important bearing on the safety 
of flight and on pilots 1 impressions of the ease of flying an airpiane . 
Some time ago the NACA realized the need for establishing some quanti- 
tative design criteria for describing what constitutes satisfactory 
handling qualities of ah airplane . It was necessary to obtain a great 
deal of information from the flight tests of many different- airplanes 
in order that some basis could be formulated for these requirements . 
Through the cooperation of the military services and the CAA, a large 
number of airplanes were made available to the NACA for this workj the 
airplanes varied in size from the light airplane class to the medium 
and heavy bomber type aircraft. Following the tests of quite a large 
group of these airplanes, a report entitled "Requirements for Satisfac- 
tory Flying Qualities of Airplanes" by R . R . Gilruth was published as 
a classified report in 1941.' It should be noted that this publication 
is an evaluation by the NACA of the handling qualities desirable of a 
satisfactory airplane but the NACA has no power with which to enforce 
these requirements. A short time after this classified publication 
both of the military services adopted a similar group of requirements 
based on the NACA work. The military services specifications have 
since been used as a basis for acceptance of newly designed airplanes 
for both the Air Force and Navy. The CAA Airplane Aixvorthiness require- 
ments also contain certain standards for stability and control charac- 
teristics, but these are leas detailed and not as quantitative as the 
military services requirements. These specifications as adopted by 
the military services are also used as a standard for airplanes in the 
design stage. Preliminary design calculations, wind tunnel tests and 
finally flight tests are necessary to ensure . that the airplane does 
meet the standards. Early in 19^7 the original NACA publication be- 
came available to the general industry. Since the original NACA pub- 
lication, the handling qualities of a great many more airplanes have 
been measured, and only a few minor additions not originally included 
in the requirements have been necessary. . 

A workable group of requirements necessarily contains a descrip- 
tion of the technique necessary to measure the characteristics of the 
airplane and what characteristics are reasonable to require of an air- 
plane without imposing penalties on the airplane performance . . Pilot 
opinions were especially important in determining the control force " 
characteristics that a satisfactory airplane should have. For example, 
the elevator control forces experienced by the pilot in performing an 
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accelerated maneuver must "be, low enough to allow the pilot to maneuver 
quickly and efficiently, but' on the other hand must be large enough to 
allow the pilot to precisely regulate the load on' the airplane . Many 
other important concepts contained in the requirements were obtained by 
the correlation of pilot opinions, with the measurements made on the air- 
plane . It should also be noted that the testing techniques that have 
been set forth by the NACA publication were so arranged a3 to allow for 
data that could be repeated and results which were quantitative. 

- The- handling qualities specifications are subdivided under the head- 
ings of, i longitudinal stability and .control, lateral stability and control, 
and stalling characteristics.' As an example .of what is covered under 
these titles "the subheadings covered under longitudinal stability and 
control are dynamic stability, static stability, elevator control in ac- 
celerated flight, elevator .control .in landing and take-off conditions, 
limits of ■ trim change due. to power and. flaps, and the characteristics 
of the trimming devices. ' The' handling qualities of the airplane which 
come under the other' headings are covered in a' similar manner, but the 
entire handling qualities specifications- are too numerous to allow dis- 
cussion in.-: this paper. : 

In order to illustrate the application of the handling qualities 
requirements, a hr-ief discussion of some of the tests made on typical 
large-scale' transport "airplanes is.' presented herein. ■ Figure 1 shows ' . 

the characteristics of a test airplane in accelerated flight for the . 
power-on clean condition. These. tests were made in steady turns at a 
constant ■. speed' and acceleration. The curves show the elevator angle 
and elevator - force a3 a function of normal. acceleration for three dif- . 
ferent indicated : airspeeds, 200, 150, and 120 miles per hour at' a center - 
of -gravity- position approximately midway between the specified limits of ., 
this airplane.' The 'requirements, for ,- the airplane of this particular 
class and load factor ‘states that, the force per ,g ;in accelerated maneu- 
vers shall be between 20 and 60 pounds and that the elevator shall be 
capable of- .producing 'either' maximum lift coefficient or maximum load 
factor. The variation of elevator angle with normal acceleration is 
also required -to have, a stable slope and in maneuvering flight the rear- 
ward movement of t-he : stick shall not be less than k inches when the air- 
plane lift coefficient is changed from 0.2 to the maximum lift cceff i - . 
cient obtainable . It is apparent from these- data that the force per g 
of this airplane : at this center -of -gravity position is excessive at ail 
of the speeds investigated since the curves show that the force required 
to reach 2 g acceleration is i60 pounds or more . • The curves also show, 
that the variation of elevatoP angle with normal s.cceleration i3 in the . 
correct direction, 1 that is, a t table elope, and that the maximum lift" .. -, 
coefficient; or maximum' load factor could have been reached if the ele- 
vator forces.- had not been excessive .. In addition the pilots reported ; ; 
that in all cases more than t inches of stick travel would have' been 
required to. reach maximum lift coefficient. From -these' data, it can be 
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seen that the stick force characteristics of this airplane in. accelerated 
flight were below the standards set forth by the handling qualities speci- 
fications, but that the elevator control was entirely .satisfactory . 

Figure 2 presents the aileron control characteristics of a typical 
large airplane. Shown on the slide are the aileron force and aileron 
effectiveness parameter, pb/2V, as a function of total aileron angle. 

The parameter pb/2V is the helix angle generated by the wing tip as 
the airplane rolls. The data shown are for the power-on clean condition 
at 150 miles per hour and the flaps and gear down condition at 120 miles 
per hour which would be comparable to a landing approach configuration. 
These data were obtained by making rolls out of turns with various amounts 
of aileron deflection and with the rudder held fixed. The handling quali- 
ties specify that the aileron effectiveness parameter, pb/2V, ; shall be 
at least 0.07 with a maximum wheel force of 80 pounds. The tests show 
that the maximum pb/2V that could be reached at 150 miles per hour 
without- exceeding 80 pounds wheel force was approximately 0.07, but in 
the flaps and gear down condition at 120 miles per hour the maximum 
pb/2V that could be obtained with this wheel force was 0.06. . Therefore, 
the airplane met the requirements in the power-on clean condition, but 
was slightly below the standards in the flaps and gear down condition. 

It is interesting to note the pilot's opinion of the aileron effec- 
tiveness in the flaps and gear down condition. This configuration cor- 
responds to a landing approach and the pilot was dissatisfied with the 
high aileron control forces necessary to roll .the airplane because both 
hands would be required to exert this amount of force . During a landing 
approach, the pilot is inclined to hold only one hand on the wheel while 
the other is used to adjust the throttles and other necessary controls, 
and for this reason the pilot would desire lower aileron force to obtain 
an equivalent amount of lateral control. 

An important and very often overlooked characteristic of an airplane 
is the amount of friction in the controls . The Air Force and Navy hand- 
ling qualities requirements specify that the maximum allowable friction 
force in a transport type aircraft should be 15 pounds in the rudder con- 
trol, 8 pounds in the elevator control, and. 6 pounds in the aileron con- 
trol. It was possible for the airplane from which these data were ob- 
tained to change the friction from twice these limits to about l/2 of 
these allowable values . This afforded a good measure of the effects of 
friction in handling the airplane during flight involving small control 
displacements . 

Figure 3 presents a time history of the rudder angle and rudder force 
during two different landings, one with high friction forces in the con- 
trols, and the other with low friction. The vertical lines indicate the 
time at which the airplane made ground contact. In both cases. the pilot 
was able to safely land the airplane,- but the pilot disliked the landing 
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with high friction. It is obvious from the time history of the landing 
with high friction in the controls that there was little response of the 
rudder to the pilot's force application. The landing with low friction 
in the controls still -required the same amount' of force application by 
the pilot but the rudder responded and allowed the pilot to make a much 
more satisfactory landing.- 

The magnitude of friction force becomes exceedingly important dur- 
ing precision flying such as in an instrument approach since the aero- 
dynamic forces are low and small control movements are desired. If the 
friction forces are too largo, the following undiseratle characteristics 
are created: (l) the aerodynar.de forces cannot be accurately trimmed, 

to zero,, thus allowing the controls to "creep" and necessitating con- 
stant retrimming of the airplane, (2) the controls when displaced from 
trim will, not return when the control forces are released, (3) the pilot 
no longer has control feel for small control displacement because the 
deflection is not proportional to the applied force, and (4) it is ex- 
tremely difficult to. make small- control adjustments without undershoot- 
ing or overshooting the. desired position. " . 

During the past several years there has been some question as to 
the need for revision or amendment to the handling qualities require- 
ments . The MCA has made several handling qualities investigations 
during the past few years with the special Intent of seeking items not 
covered by the present requirements . The results of these tests have 
indicated that had the airplanes tested met the requirements as they . 
now stand, the airplanes would have been considered acceptable . 

As an example or the tests made by the MCA to seek items not 
covered by the present -requirements the specifications for assymmetric 
power conditions require the rudder to be powerful enough to limit the 
angle of bank' to a maximum of 5 degrees arid the yawing velocity to 
zero. This particular airplane met this requirement, but the question 
was raised as 'bo whether the pilot would have sufficient time to take 
corrective action following engine failure. 

Figure 4 shows a time history of the angle of bank and angle of . 
sideslip following failure. of the number one engine of 'a . four -engined 
transport airplane . ! lV.o. flight tests are shown, -one where the controls - 
were held fixed and the airplane was allowed to roll 1 off, q,nd the other 
where corrective action was. taken by the pilot. These particular tests • 
were made in the take-off' b.on'i'igu'-at ion . The' curves for the case where 
the controls were ueld fixed luaioaf-e that the angle of bank increased 
at a slow rate and that six seconds was required for the airplane to... 
reach 40 degrees bank. : This -. was - considered ample' time for the pilot to . 
take corrective action. The ‘ dotted’ linei-' on this figure" are. the results 
obtained when the pilot applied the controls' following' the 'engine fail- 
ure. It is apparent that the pilot had little trouble in "controlling 
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the airplane. These tests proved that the airplane characteristics were 
satisfactory following an engine failure. Another example of the recent 
handling qualities tests are the problems involved during a landing ap- 
proach. During a landing approach, especially an instrument landing, 
there has been some doubt as to the most efficient technique that could 
be used to correct for lateral displacement from the runway. From a dis- 
cussion with quite a number of pilots, two maneuvers were suggested, one 
was coordinated turns, and the other level sideslips. Some of the pilots 
felt that they, would not bank a large airplane during the final approach 
arid would only use the wings level maneuver; however, a large number of 
flight records of simulated instrument approaches indicated that coordi- 
nated turns with limited angles of bank are more frequently used. 

Figure 5 presents some of the results that were calculated for a . 
large four -engine transport to determine which technique would be the 
most effective . The abscissa of this plot i3 the distance in feet from 
the end of the runway, and the ordinate is the lateral distance in feet 
from the centerline of the runway. The two solid curves presented here 
are not flight paths but a series of starting points of a flight path 
such as that shown, where the airplane was originally flying parallel 
to the runway and this given amount of lateral displacement was required 
to bring the airplane to the center line of the runway. In other words, 
if the airplane were 2000 feet from the end of the runway and performed 
a coordinated turn maneuver, the pilot would be able to laterally dis- 
place the airplane about 200 feet following this type of flight path. 
Similarly, if the level sideslip maneuver were used, the pilot would be 
able to displace the airplane- about 100 feet, again following a flight 
path such as that shown. In making the calculations for the level side- 
slips maneuver, the pilot was assumed to use first full left rudder and 
then full right rudder followed by. enough left rudder to return the air- 
plane to its original heading. The coordinated turns were assumed to be 
performed in a similar manner, that is, using first left and then right 
rolls to laterally displace the airplane. Also, in making the calcula- 
tions of the coordinated turn method, the maximum amount of aileron 
effectiveness was assumed, and the angle of bank was limited to a maxi- 
mum of 17 degrees, which would be the angle at which the wing tip and 
the landing gear of this .particular airplane would touch the ground at 
the same time . It can be seen from these data that the coordinated 
turns maneuver will correct for greater displacement than will level 
sideslips for all distances from the end of the runway. In fact, from 
2000 feet on out, the coordinated turns maneuver is two or more times 
as effective as the level sideslips maneuver. Similar calculations were 
made limiting the aileron effectiveness parameter to about one-half, and 
the rudder deflection to one -half full rudder. These values would be 
more closely related to the amount of control normally applied by the 
pilot. The results showed a similar comparison between the two tech- 
niques, the amount of displacement obtainable being about one -half those 
shown on the. figure . ■ • 
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It appears then that a good basis for satisfactory handling qualities 
has been established f or ' the present conventional transport airplane, but 
with the coming of transonic and supersonic speeds, the problem of produc- 
ing airplanes with satisfactory handling qualities is a serious one. As 
the conventional airplane of today approaches transonic speeds many new 
problems are introduced which are completely divorced from those at sub- 
sonic speeds. Large changes .occur in trim, stability and hinge moment 
characteristics due 'to compressibility effects. If the airplane config- 
uration is selected to minimize these adverse effects, undesirable iow- 
speed handling qualities may be introduced. In order to provide satis- 
factory control forces on transonic airplanes, the use of. control boosters 
with mechanical devices to provide control feel 'may. offer a solution. 
Complicated stall-control devices may be required to obtain satisfactory 
low-speed handling qualities. The present handling qualities require- 
ments ' provide the designer with the requirements for performance of these 
mechanisms that will result in satisfactory handling qualities of the 
airplane. However, as higher speeds are reached and airplane designs 
depart further from the conventional design of today, a great deal more 
research' Will be- required to establish what the aerodynamic . character- 
istics : of an -airplane must be to meet the handling qualities .specifica- 
tions . 
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Figure 3. - Time history of two landings of a transport airplane - one 
with high friction in the controls and thq other with low friction. 
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Figure 4. - Time history of the angle of bank and sideslip following 
• failure of the number one engine of a 4-engine transport 
airplane. 
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Figure 5. - Locus of starting points of two maneuvers made to laterally 
displace an airplane during a landing approach. 
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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES 
15 • A' STUDY OF REQUIREMENTS FOR POWER-OPERATED CONTROLS' 
AND MECHANICAL FEEL. DEVICES 
By B. Porter Brown 
Langley Aeronautical Laboratory 


Large control forces are necessary in operating many current 
airplanes because of recent increases in size, maneuverability, and 
speed. Some designers have already incorporated power-operated con- 
trol systems as a means of reducing pilot exertion. The basic pur- 
pose of any power -operated control, system is to supply a large force 
to the control surface when a relatively small force is applied by 
the pilot to the booster. Various types of . boosters such as elec- 
trical, hydraulic, and pneumatic have been designed, with hydraulic 
systems being the most commonly used. 

A test booster of the hydraulic type has. been investigated by 
the NACA. It was installed in the elevator control system of a large 
four-engined airplane weighing about 110,000 pounds. This booster 
was adjustable in flight so that the total control effort could be. 
distributed in any proportion between the pilot and the booster. The 
tests were organized to investigate three major problems connected 
with boosters: (l) the amount of control effort that should be left 

to the pilot to obtain best airplane handling qualities, (2) the 
speed with which a booster should control a surface in order to avoid 
objectionable lag in airplane response, and (3) the allowable limit 
of friction in the booster valve. 

The first problem is illustrated in figure 1, in which the 
maneuvering-stability parameter, stick force per g, is plotted against 
indicated airspeed,. The area between the two dashed horizontal lines 
represents the range of stick force per g for large airplanes con- 
sidered satisfactory by the military services. Curve A, obtained for 
the test airplane without boost, shows the stick forces were much 
larger than those considered satisfactory. These heavy snick forces 
are typical c’f nearly all large airplanes without boosters. Actually 
there has been very little flight experience in the satisfactory 
range. When the booster in the test airplane was adjusted to give 
values shown by curve B, all of the pilot's noted a marked improvement 
in their ability to handle the airplane. . Adjustment of the booster 
to give a variation as shown by curve C gave no objectionable charac- 
teristics but the pilots felt that this was not as desirable as the 
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B setting. When the stick force per g. was adjusted to vary as 
curve D, the pilots felt that the forces were too light and this 
lightness resulted in over-controlling of the airplane. Of the 
three gradients rested, the pilots preferred the B setting, felt 
that the C setting was acceptable, and considered setting D unsatis- 
factory. These results indicate that the lower limit of the speci- 
fied range could be lowered slightly. It should be noted that the 
foregoing observations are based only on flying qualities with no 
consideration being given to the possibility that light' forces 
might lead to inadvertent excessive accelerations being occasionally 
applied to the airplane. 

Appreciation of what correct control forces mean to the pilot 
is readily obtained 'by comparing the control forces experienced in. 
a landing vithout boost and a landing in which the pilot's force 
was adjusted to fall along curve G. In the landing without boost, 
the pilot exerted about 80 pounds force just before ground contact. . 
This force is large enough, to be annoying to the pilot especially . 
if one hand is adjusting throttles or trim- tabs. With boost, how- 
ever, this force was reduced to about 15 pounds. 

The second problem, proper rate of control motion, will now be 
discussed. The rate of motion required is of major concern to the. 
designer because low rates mean less powerful and therefore lighter, 
boosters. The booster tested was capable of producing a very high, 
maximum rate of elevator motion, about 1.00 degrees, per second, but 
could also be adjusted for any lower rate.. For this investigation, 
the data were obtained in landings because the rate, of elevator 
motion is critical in this maneuver.- 

The history of a landing made with unrestricted maximum-, rate- Of 
control motion is shown in figure 2, in which control position and 
elevator rate are plotted against time. There are two curves shown, 
a dashed one : representing the control position called for. by pilot, 
action and a solid one representing actual control position. These 
curves nearly coincide which means the control was positioned very 
accurately with no perceptible lag. The curve shows that-- the 5 highest 
rate used by the pilot was about 30 degrees .per second, a typical, 
value for this airplane... Demands, for such high rates are,, how-eve r, 
of extremely short duration. Since the airplane cannot respond in 
attitude appreciably in these short times > good landings may.be 
possible with a much lower maximum rate of control- motion. Such a 
case is indicated , in, figure 2> in. which the maximum available control 
rate was restricted to slightly less-, than 10 degrees per second; - - In - 
spite of the- restricted control . rate, the pilot could: still move the., 
stick as fast as he wished up to a limit where -the error,: between the 
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s'tick’position' and control .surface position was a. certain value. . , . 
Occasionally" the pilot called for.-rates ^higher- than that available'./ , 
as shown by the flat spots, and .this excessive demand caused' some' /’ 
lag in positioning of the control. Because, the demands for the... 
higher rates were very brief, however, this.. lag never. got large . 
enough to. be objectionable, to the pilot. Consequently, the, pilots. 
thought the airplane handled just as -well with the restricted rate/ 
as with the unrestricted rate. 

.' This result indicates that for large airplanes, satisfactory 
handling qualities can be obtained with boosters having. maximum avail- 
able elevator- control rates less than that used in the unrestricted 
case. Of course, the conclusion that a rate of about 10 degrees per 
second is satisfactory applies only to the elevators on large air- 
planes. Higher rates may. be xequired on other .controls or on smaller 
airplanes. ■ . 

The. third problem, allowable limit. of. friction in the booster . • , 
valve,, will be discussed next. It should.be pointed out that, the. 
friction considered in these tests was the friction in the booster. • 
control valve and not the friction in the normal control system. 

A schematic, drawing of a boost 'system (fig. A) indicates, the normal 
.. operation of the system, and the effect of friction in .the control : : - 
valve./ The- arrows show the direction of fluid flow , to. and from the ^ 
booster valve. During steady; flight of the airplane: the control sur- 
face is held fixed by the piston, . which. has : fluid on. each- side and 
is in equilibrium; If the pilot pulls back/on the . stick, -..the. vertical 
link attached to the stick rotates to a new position because : its lpwer 
end is. restrained by the link- connected to the control surface.. Motion 
of the upper horizontal .link to its .new position opens .the booster 
-control valve, allowing -fluid to. go into the- jack. This induction of 
fluid moves the piston in such a.. direction jas to pull the elevator up. 
The upward motion of the elevator actuates the lower horizontal link 
which then- rotate's the first link about the pivot point in-, its: center 
because the pilot is holding the . stick fixed.- This ..rotation moves.' the 
link back to vertical, again, closing - the valve and stopping -.the flow 
of fluid and thereby establishing a new equilibrium position of the „ •' 
hydraulic jack. If friction were present in the valve, It would tend 
to hold the valve open at.- the end of the operation .thereby allowing 
fluid to continue to flow into the jack. and.. move- the. elevator until 
the pilot applied corrective .action/ by moving, ; .the .stick .in .the/' .... 
opposite direction. This friction effect differs from the effect of 
conventional control' friction in that' the . valve friction tends., -to keep 
the elevator in: motion .while ordinary static- friction -itenia-S; ‘tp“ prevent 
the elevator .from-moving;- -r.It'v.had been suspected that' /friction., of /this 
type, even in small amounts, would be highly objectionable to pilots. 
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Tests were therefore made with several known values of boos ter -valve 
friction that were intentionally introduced into the system. One 
part of the tests consisted of steady runs in which the pilot 
attempted to maintain a given speed . ' Data from two of these steady 
runs are presented in figure 5- Each curve shows normal acceleration 
plotted against time. The upper curve is for negligible valve 
friction and the lower one i ! s for a valve friction value of 1-1/2 pounds 
of pilot's stick force. Comparison of the peaks of acceleration 
experienced makes the flying difficulty caused by valve' friction quite 
obvious. Some landings were also made with different amounts of fric- 
tion and it' was noted that here also corrective control was-, applied 
more frequently as a result of this friction. In all of the test 
maneuvers the pilots felt that any amount of friction was annoying 
because it resulted in continual cvercontrolling . The results of 
these tests indicate that the allowable limit of this type' of friction 
is much lower" than the 8 -pound limit of normal elevator control fric- 
tion of the type which tends to hold the control fixed and extreme 
care should be taken in the design of any' powered cohtrol system of 
this type in order to eliminate as much friction as possible in the 
booster control valve.. 

All of the tests discussed thus far were made with the booster 
allowing a portion; of the elevator-hinge moments, to be fed back to the 
pilot's stick to provide, the necessary control feel forces. High- 
Mach-number effects cause undesirable' hingewnoment variations, how- 
ever, making it very- difficult if not" impossible . td' balance the con- 
trol surface aerodynamically . Boosters; alone in this case can not 
alleviate the' problem. A much simpler approach to the problem is, 
howe.ver,' quite apparent.. If . the booster, -were . designed' to allow no 
force feed, back from; the .elevators and. another device’ were included 
to create the feel forces mechanically, then the .problem of undesirable 
hinge -moment characteristics /would- be eliminated. 

Some present-day. high-speed airplanes are equipped-' with feel 
devices ..but as; yet transport . airplanes do.. not need them because they 
are operated at 'relatively 'low Mach 'number s. . In jet-transport design, 
however, feel devices will probably be employed. 1 

The'MACA has -made tests on -a ; feel -.device to .gain 'experience with 
this type ' of control -system and t'O investigate . the design features 
that should be-ciricorporated in such, devices . 

... .’ With 1 - -thb aid of figure 6, the component, parts of -the test feel 
device ; and •their' functions will be explained and. compared to the 
similar parts and - functions in a ; -conventional . control 1 sys tem . 
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In the actual test installation there was a link not shown in 
figure 6 that connected the pilot's stick to the booster and of course 
the booster was connected to the control surface. These linkages were 
omitted from the figure because the tests were concerned only with 
stick forces and the booster purposely eliminated all aerodynamic stick, 
forces; therefore the drawing represents the complete unit as far as 
pilot's force is concerned. 

In a conventional control system, when the surface is deflected, 
hinge moments are created that tend to restore the surface back to 
neutral and hence supply the pilot with a control force. This restor- 
ing tendency increases as the square of the speed. In the feel device 
system, the . restoring tendency is supplied by. the spring connected to 
the trimmer and to a variable lever arm, which is so adjusted by dynamic 
pressure, as to make the restoring tendency in the system increase as 
the square of the speed. In the conventional system, if the pilot wishes 
to change airplane attitude by use of elevator deflection, the new atti- 
tude is maintained with zero pilot's force by use of a trim tab. In the 
feel device, this is accomplished by means of the trimming device shown. 
The part to which the spring is secured is really a movable base that 
the. pilot can move in either direction to relieve the tension or com- 
pression in the spring and thereby establish a new zero-force stick posi- 
tion. The variable lever arm controlled by the manual force . gradient 
adjuster has no comparable part in the conventional control system. The 
only reason it was included in this design was to provide a convenient 
way by which the control force gradient could be varied. In the con- 
ventional system, damping is supplied aerodynamically while in' this, 
system, it is supplied by the viscous' damper attached to the pilot Vs. 
stick. 

This feel device was installed in an airplane in conjunction with, 
the previously mentioned. booster in the elevator-control system.. As 
previously mentioned, the booster could be adjusted to allow any por-. 
tion of the elevator hinge moments to be fed back to the pilot and for 
these tests the booster was adjusted to. allow no force feed badk from 
the elevators. 

Static and maneuvering longitudinal stability tests on the air- ’ 
plane were made with the feel device and without the feel device for 
comparison purposes. Figure 7 shows two flight re'cords of normal 
acceleration that were, obtained in pull-ups and releases to determine 
if the device introduced any oscillating tendencies into the system. 

The upper curve is for the case without- the feel device while the 
lower one is with the feel device. The only portion of these curves 
of interest to this analysis is the part following the time at- which 
the pilot released the stick, shown by the. vertical lines, which' 
occurred in these two. cases at approximately ' 2 seconds. 'Comparison 
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of the two ' curves beyond this point in' the- two- records indicates that 
the device did not introduce any - undesirable- oscillating' tendencies'. ! 
'Data obtained in static longitudinal stability ' runs are presented in 
figure 8; Pilot's force is plotted against indicated airspeed for the 
two cases ' with and without the feel device. In this type of plot a- 
pull- force should' be required to decrease airspeed in order for the' 
airplane to be stable. The point emphasised in this figure is that 
the feel device did not alter any of the characteristics of the air- 
plane except the magnitude's of the control forces. -This can" be pointed 
out by the fact that at the higher- speeds both curves indicate that the 
airplane was stable down to a speed of- about loO -miles per hour. At 
this speed, however, the slopes of both curves reverse, indicating 
instability. This instability in the stick forces occurred in both 
Cases because the elevator- angle variation was unstable. This charac- 
teristic demonstrates-' that if the variation of elevator angle- with 
speed is unsatisfactory, the feel device cannot provide completely 
-satisfactory stick forces: In the case- in which elevator - deflect ion' 

does vary satisfactorily, however, either with speed or acceleration, 
even though the- aerodynamic hinge-moment variation-' may be undesirable, 
the - feel' device will provide satisfactory control forces . This point 
is illustrated in - figure 9 . 

Maneuvering stability -data are presented in figure -9 to- compare' 
cases with and without the feel device for a condition at which the 
elevator -'angle- variation with acceleration was satisfactory but the- ■ 
aerodynamic hinge -moments were unsatisfactory: ■ Pilot's stick' force 
is plotted against normal acceleration. In a plot of this- type , ■ 
satisfactory characteristics are 'recognized by the fact that pull 
forces should be required to produce positive accelerations and -push 
.forces , are required to ..produce negative accelerations . In the case 
without the feel device, shown by the solid line, ;the' force charac- 
teristics were satisfactory at high normal accelerations, but at' low 
normal accelerations elevator overbalance was encountered, which 
indicates unsatisfactory forces, because eventually, pull forces were 
required to produce negative accelerations.' The dotted line shovs the 
performance of the feel device under similar conditions arid' it is 
obvious that the overbalance is completely eliminated because the 
forces are always in the right direction . Tide forces' furnished by . . . 
the feel device" in. this.., case, were ^satisfactory because the., variation, 
of elevator angle with -acceleration was satisfactory... d. ' 

In summary, it should . be remembered that- both the booster, system, 
and the 'mechanical feel device have been, evaluated;. with no ’coris'ldera- 
tip.ns being given, to such things.. as. reliability,,, mechanical. .failure,, 
or' weight. The booster- .test's,, howeyer,. provide design, information pn 
the. control .effort that -should, be left to; the. pilot. ..'FHe results also 
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snow that the rate of elevator motion to he supplied by the booster 
can be limited to values .lower than those normally used by pilots. 

In addition, friction in the booster control valve deserves co/c-ful 
design attention. The feel device investigation indicated the device 
to be satisfactory and, in addition to providing valuable experience 
with this typo of control system, the tests showed several features 
that would be desirable in these systems. 
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Figure 1. - Stick force per g versus indicated airspeed for test airplane 
without boost and for three gradients supplied by booster. Shows 
satisfactory range specified by military services. 
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Figure 3. - Time history of a landing made with restricted elevator rate. 
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Figure 5. - Time histories of normal acceleration for two values of 

booster valve friction. 



Figure 6. - Schematic drawing of feel device. 
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Figure 7. - Dynamic stability runs of normal acceleration 
with and without the feel device. 
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Figure 8. - Pilot’s stick force versus indicated airspeed with 
and without the feel device. J 
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Figure 9. - Pilot's stick force versus normal acceleration with and without 

feel devi ce. 
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PROPULSION- CONSIDERATIONS FOR HIGH-SPEED TRANSPORT' AIRPLANES 
l6, SO® CONSIDERATIONS OF AIRCRAFT NOISE 
By Harvey H,. Hubbard 
. .Langley Aeronautical Laboratory. 

Studies of aircraft noise are complex and have a great many ramifi- 
cations, -In addition to the we 11 known nuisance aspects a person may 
suffer temporary deafness,, communications of all kinds may be disrupted, 
and various electronic devices may be caused to malfunction. 

In the propeller, the reciprocating engine, and' the .turbojet engine, 
the aircraft industry has some of the most prolific noise generators the 
world has 'known, In addition to these accessories the airframe itself is 
a source of noise as it moves through the' air. 

It is the purpose of this paper to introduce and to indicate the scope 
of some of the aircraft ..noise problems. Brief reviews of research in re- 
gard to the various phases of the problem will be treated in the following 
order; propeller noise, engine -exhaust, noise and muffling, and jot-engine 
noise. Since a portion of this research was accomplished by persons not 
connected with the NACA, I wish to acknowledge" contributions from the work 
of Dr. Horace. 0, Parrack, -Mr, Kenneth. R. Jackman,, and various- groups at 
the Bell Telephone Laboratories, and the Aeronautical Research Foundation, 
Figure 1 (reference l) illustrates the. ranges of frequency and intensity 
concerned in this paper. The horizontal scale is; frequency in cyclos 
per second. The vortical scale is. in decibels, whore a decibel is a 
convenient logarithmic unit -of sound intensity,, The shad -d portion in- 
dicates the frequencies and. corresponding intensities necessary for nor- 
mal speech. Experiments 'at the Bell Telephone Laboratories (reference 
2) have shovm that, the car does not -respond equally .well to sounds of 
all frequencies and intensities, .This nori-linear response of the oar is 
not a function of intensity or frequency alone but depends on both of 
these together,- The car is most sensitive" to frequencies in the order 
of 1000 cyclos per second and the .sensitivity drops off for the region 
of low frequencies : and intensities. Normally, for aircraft noise, ad- 
vantage can not be' taken of this phenomenon because the associated, in- 
tensities are so great as to bo in. the range where the response of the 
ear is : flat. It is only after some reduction of the intensities has 
taken place .or unless the- observer .is at a great distance froii the 
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source that much benefit can be derived at the low frequencies from the 
frequency response of the ear,, It was also found at the Bell Telephone 
Laboratories that a low frequency was' effective' in mashing any -higher 
frequency,, Because of this phenomenon communications and speech are 
very difficult in the presence of a low frequency background noise. 

Thus, figure 1 suggests that as the intensities of the low fre- 
quencies are increased, communications are probabiy the first to be 
affected. Many scientist's -think that a person may be continuously ex- 
posed to levels of 35 decibels, as indicated by the dotted line with- 
out any lasting ill effects and the Air Force has adopted this level 
in order - to standardize 1 it's' facilities „ At • levels' above this a person 
will experience more and more discomfort' until' pain or physical damage 
is experienced. It is- quite 1 generally agreed' that- persons should not 
be required to withstand- intensities above 120 decibels- and for condi- 
tions involving long-term exposures the limit is probably in the order 
of. 85 decibels or below* " • " - v ' ’ 

Since- it is- well known -that noises are less intense as the distance 
from the source is increased, it is of interest to evaluate this effect 
of distance on aircraft noise. Figure 2 is a plot of the reduction in 
decibels as a function of distance in feet for' various frequencies' in ■ 
the audible range (reference 3)0 The- solid curve is an indication of 
the- reduction in intensity due' to the spreading' of the' wave as distance 
increases-. Due' to - 'this phenomenon which holds true for no atmosph eric 
losses ; there is a decrease of sound intensity of 20 decibels each' time 
the'-' 'distance is increased ten fold. - The dashed curves indicate 1 the- amount 
of measured reduction as a function of distance- that-ls "obtained for • • • 
various ' frequencies. The difference between- the solid and dashed curves 
is the : atmospheric -'attenuation, where atmospheric ' attenuation is reduc- 
tion in intensity due .to conversion of the sound energy to heat energy 
by viscosity, conduction, water vapor, etc;, For a frequency*- of 10*000 
cycles' per ' second ' which is- near- the limit Of the audible’ range, there is 
considerable attenuation at 1000 feet while for frequencies of 1000 cycles 
per second or less there is a negligible amount even at 10,000 feet. 

Sound measurements on an AT-6 airplane- 'in flight- fell near’ the sound 
curve-j thus indicating that for that particular configuration little 
or no atmospheric attenuation was present. Thus, it is Seen' that for 
high frequencies -or large distances the atmospheric attenuation may be 
appreciable while" for low- frequencies" or" small distances it is negligible. 

Since it is' seen that not much benefit is derived by the Sound re- 
duction characteristics of the human ear and of the atmosphere it is 
necessary to turn to other and more effective means, 'Sound reduction 
is usually accomplished' in two general ways. " One of these is to reduce 
the sound at the source and the other is the enclosing by means of a 
suitable structure of either the sound source or those persons to be 
protected. Both methods of sound reduction are important and are prob- 
ably most effective when used to complement each other. 



The amounts of redaction available from- various' schemes ; of sound ' 
proofing are- dependent to a : large extent on the frequency Of the im- 
pinging sound* Figure 3 illus trates the amount of noise reduction ob-: . 
tainable in an airplane fuselage by- use of; some of the sound proofing : 
techniques :in common use today* . ' Decibels of reduction are plotted as , a 
function of- frequency *--' The curve, represents- the amount of reduction ob- 
tained at various frequencies by the addition of trim cloth, carpeting, 
and absorbing material such as glass wool over that obtained with the., 
bare fuselage (reference 4)* These ..results indicate that -at frequencies .' 
in the order, of .1000 cycles per second and above, considerable reduction 
may be obtained, by use of standard, sound proofing techniques 0 . , At lower 
frequencies the reductions obtainable are relatively small*. ... , 

Now that there is an evaluation of some sound proofing . techniques 
that may be used to reduce the noise after it has been generated it is 
appropriate ,t.o . investigate the significant parameters in noise genera- 
tion to determine what may be done to- reduce the various noise components 
at the source.; . and especially the. lower frequencies that are most diffi- 
cult to reduce by other, means* Any reduction obtained at the source- -is 
important because it benefits the persons, on the ground as well, as those 
in the airplane* . '"' r 

Figure 4 is -a polar 'diagram showing the .two sources of noise, from, a 
propeller and. gives an -indication of. the relative intensities and direc-. 
tional characteristics of each for. a typical present-day configuration 
(references). The rotational noise, which is a function of the forces on 
the blades is seen -to have greater intensity than the vortex noise which 
is associated with the turbulent wake of the blades* Both sources -ra- 
diate noise in a directional manner*. The rotational noise is more- in— 
tense near the plane :of rotation and, .is weakest- on the axis of , rotation. 
The reverse is true - Of the vortex noise* The;- frequency spectrum of -the 
rotational noise consists of discrete, frequencies- which are multiples of 
the blade-passage frequency* The frequencies; then- are determined, by the' 
rotational speed and the number of blades* ' For. tip Mach numbers up -to-.. 
0,-90 the fundamental frequency is usually .the- most ' intense* At super- 
sonic tip speeds, j-some-- of the higher harmoni-cs 'become, predominant* . Vor- 
tex noise consists of a wide band of fandom frequencies extending from ••• 
some low value t,o ^several thousand cycles per; Second, 'In reducing pro—- '-. 
peller noise the-,- rotational- noise is. first reduced 'since' it ; is. pr,cdomi-' : 
naut* Procedures for reducing the rotational- noise will 'usually also. • 
reduce the vortex noise but at a slower rate* Thus' for quiet propellers . 
the vortex component -may be a large part of the total* " ,- ’ ’---.- . 

Two effective ways in which propeller- noise may 'be reduced .are • 
shown in figure 5 where . the sound intensities- are plotted as a function 
of tho tip Mach.. number at- constant power for a two- and a six-blade; 
single-rotation propeller* It should^e no.ted; that the tip Mach- number' 
rather than the rum is- a significant. parameter : in. nbise"- generation, 
is apparent from the- figure f hat intensities generated by the six-blade 
propeller are lower than' those for the .two-blade .propeller at ' all tip 
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Mach numbers oven though at supersonic- tip Mach numbers these differences 
are relatively small,, It can be seen then that an inqreaso in the numbor 
.ef blades is always beneficial in reducing the noise produced,, 

Another very effective way in which propeller noise may be reduced 
is. to lower the tip Mach number,, Figure 5 shows that the noise' "intensi- 
ties' reduce at a rapid rate as tip Mach number is reduced, 

In practice it follows that if a larger number of blades is used the 
• tin Mach hdmber. may be lowered because of the additional blade area avail- 
able, Points "A" and' !! B n represent two typical operating conditions. where 
the same power is absorbed by these two propellers at different tip Mach 
numbers. The reduction of approximately 3° decibels thus obtained illus- 
trates the benefits . available from multiblade propellers,- '■ . . 

- Figure 5. also permits comparison of supersonic, propellers with con- 
ventional ones in regard to noise generation, Poise levels are seen, to 
bewery high. and since by definition the tip Mach numbers .for operation 
are -above' unity, ways of noise reduction are greatly limited. 

In the oscillating pressure field surrounding. a. propeller, the in- : 
tensity depends on the distance from the source. At points away from •. 
the. propeller these oscillating pressures are recognized only- as noise. 

At points in .close proximity to the propeller -they produce intense, noise . 
and are also 'capable, of exciting destructive vibrations in nearby air-.... 
craft structures (reference 6), The frequencies of these pressures are 
a function of the rotational speed of the propeller and the number of 
blades;- -' , . - 

,;The- study' of these intense oscillating pressure fields and their .. 
associated vibrations is of interest as an important related, subject, 

Figure 6 illustrates schematically some typical' 1 pressure measurements, 
near . the 'propeller \diere the points of measurement, are indicated by 
the check marks. Flow through the. propeller disk is from top. to bottom. 

The pressure distributions ahead of the propeller in the. region where a. . • 
wing might be located are shown in the top-most shaded area, .'The maximum 
pressures were measured near the 3/4 station of the blades,. .These pres-... 
sures under certain conditions may have caused failures o-f the secondary. .. 
structure- of the wing. The shaded portion on -the left indicates' the pres- 
sure distribution; in the region where a fuselage might be located. The 
peak pressures occur near the plane of rotation. These pressures under . 
certain conditions have caused failures of. some parts, of the fuselage 
wall structure. In general, procedures for reducing the propeller noise 
will also be beneficial in reducing the propeller-excited vibrations 1 . 

An increase 1 in the clearances between the propeller and the wing and ' 
fuselage is especially beneficial in reducing the effects of these pressures. 

Since- reciprocating engines are still very much in the picture for 
aircraft propulsion. it is of. interest to investigate the characteristics 
of exhaust iioise'from this type of engine. The solid curve of figure 7 
shows schematically the composition of a typical exhaust noise spectrum 
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where intensity is plotted as a function of frequency, The fundamental 
firing frequency is the strongest one present and the intensities of 
the higher order frequencies are eonsiderab?.y lower in amplitude* Some 
confusion exists as to which frequencies should he x e6.uc.ed* The task of 
reducing the overall exhaust noise is apparent/ !y one of reducing the low 
frequency components since they are of greatest' strength; however : some 
observers feel that the higher order frequanc-j.es are uidst objectionable. 

For any given engine we can look to the exhaust muffler as a means 
of reducing this exhaust noise, A very simple muffler design for small 
personal -owner ‘-type aircraft is illustrated In figure 7* The exhaust 
gases pass straight through the central pipe to eliminate excessive en- 
gine back pressures, A chamber is built around this central pipe in 
such a way that it. will store up energy at the peak of a pressure wave 
and return the energy at a "trough of the wave, thus tending to .smooth 
out the pressure pulses and reduce the oscillating pressures,. 

The effectiveness of this muffler is shown on the figure where the 
space between the curves represents noise reduction. Even though a 
muffler may be designed to provide greatest reduction at a given fre- 
quency it can also provide considerable reduction for a band of frequen- 
cies on each side of the design point. Hence in this case where the de- 
sign is near 25 O cps it will provide some reduction for both the higher 
and lower frequencies in order to bring them down to some desired level. 
From the standpoint of muffler design it is beneficial to keep the firing 
frequency as high as possible since that tends to keep down the size and 
weight of the muffler. 

To thisipoint methods have been shown by ''which propeller noise and 
engiae exhaust noise may be reduced,- In an effort to determine the- im- 
practicability of applying these' schemes, the 1TACA in 1940 modified a .' " 
small airplane to reduce the noise reaching the ground, (references J 
and S)„ The results of this experiment and other' subsequent research, . 
at the Aeronautical Research Foundation (reference, ^.), indicated that . ; , 
by known methods of noise reduction a peTsonaT-ownerrtype .aircraft may.. 
be made quiet, perhaps more;.so- ; thah necessaryy v 1 -- •; 

Following successful noise-redUction test-s" kith. the. small"' airplane . 
it was thought advisable by;: the 1IA.CA to -make -a "preliminary study of. 
modifications required to -the' propeller and engine ’’exhaust' system for 
a large transport -type aircraft,; ' The type .of .m' 6 difi'catioh&'"that were- ■ ■■': 
estimated, based on an extrapolation of.. data for small. .airplanes are 
those shown in figure 8 0 If. the number of blades were increased from 
3 to 6 v/hile holding diameter constant "and the rotational .spued was re- 
duced from 1400 to 65 O rpm it was estimated that the piqp.eller noise . 
could be reduced by about 2 l j should, be -noted' that- the -proposed - 

modification would require, a -chai'fge' ih the -g-oar 'latio.j . It Is estimated' 
that with the modified prppeller the take-off .• and climb' performance, will, 
be reduced slightly but cruise performance would- be comparable, It is of 
interest that propellers .designed to operate at : lov/ rotational speeds to ■ 
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delay compressibility losses appear to, lie the optimum design aerodynam- 
ically for speeds in the. 450 - 55O mph- range. ■ ' Hence the sound require- 
monts and aerodynamic requirements of propellers for transport type air- 
craft appear to ho in harmony. 

Estimates of the exhaust noise level of the B-2S00 engine indicated 
the need for a 20-decibel reduction in the overall noise level. The 
sketch of figure 8 shows, the type and. si 2e of muffler estimated to 
accomplish this result. This design embodies the results' of research 
on light airplane mufflers and a limited-, number of .cold air tests. The 
design is a multi-chamber resonator with an elliptical cross section. 

It Was thought that it. would- fair- into., the region in the top of the 
nacelle behind the carburetor, air intake scoop in a manner shown by the 
sketch where the shaded portion indicates the path of the exhaust gases. 
This Installation was designed to reduce the noise reaching the ground. 
Modifications of. present-day aircraft to. incorporate noise reduction 
.features will probably involve .' a ; weight . penalty^ Hence the gains in 
comfort and utility must bo weighed against losses in performance caused 
by these modifications. 

The turbojet engine, Is one of the most prolific generators of a 
random noise spectrum.. Figure 9 Illustrates two different -spectra ob- 
tained in open air for the 'l'G--.I90 engine at '.take' off,- Frequency in 
cps is plotted as a fund 'ion of decibels at two points in the jet noise 
field. The solid curve represents data, .recorded' in.. oc.bave 'bands at 90° 
to the jet axis and at a a i. stance of 12 feet., it is.., seen that there is 
a large amount of energy present in all. the .audible range, '-and; beyond, to 
frequencies above the audible, range. The dashed curve was recorded at 
30° from the axis of" the jet and at the same distance .from the orifice. 

This curve shows a much, greater concentration of the energy in the fre- 
quency range below 1500 cps ? but with the intensities falling off rapid- 
ly as frequency increases. The noise field Is seen to be highly direc- 
tional, with maximum intensities occurring near the jet. To the person 
inside the airplane the noise will vary widely according to his position 
relative to tho jet orifice. The main. source of jet-engine noise. is the 
jet itself and there is some evidence to. indicate that the noise .generated 
decreases with increased forward . speed of ..the airplane. Although the 
subject of aerodynamic noise . is not treated in this paper it' is significant 
to note that at high forward , speeds this component may be predominant in 
the forward compartments of, some jet aircraft. Studies are continuing 
in an attempt to determine the variation of jet noise as, a function of 
various parameters, such as thrust, velocity, temperature, ptci, before, 
effective noise-reduction .techniques may be applied. ; 

Since the turbojet is destined to compete with propellers operating 
at supersonic tip speeds for propulsion at . very high speeds, there is ■ 
great interest in comparing the noise spectra produced by them. In or- 
der to provide such a comparison, curve "A” from figure 9 is replotted 
on figure 10 along with an estimated frequency spectrum of a propeller 
operating at a tip Mach number ef 1.20 and producing the same thrust at 
take-off as the turbojet. The data are for comparable distances and 
positions in the sound fields, for the open-air condition. 
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We can see that the intensities generated hy both are in the range 
likely to cause great discomfort,, The intensities in the low-frequency 
range are such as to interfere strongly With communications and will he 
difficult to soundproof against. Maximum intensities generated hy the 
propeller are seen to he in the order of 20 decibels higher than those 
of the turbojet,, The noise levels resulting from the use of propellers 
operating at supersonic tip speeds are seen to create a serious operating 
problem. 

In summary the following observations may be noted? (l) for flight 
Mach numbers up to approximately 0,70 it appears that quiet propellers 
may be used at good aerodynamic efficiency; ( 2 ) engine exhaust muffling 
of small aircraft engines has proven technically feasible and it is 
thought that the same techniques may be applied to larger engines, and 
( 3 ) the use of the turbojet engine and propellers operating at supersonic 
tip speeds will give rise to serious noise reduction problems. 
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Figure 1. - Frequency and intensity considerations in regard to the 

hearing mechanism. 
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Figure 2. - Noise reduction as a function of distance from the source. 
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Figure 3. - Noise reduction obtainable in an airplane fuselage by typical 

sound proofing techniques. 



Figure 4. - Polar distribution of propeller noise. 
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Figure 5. - Effects of tip Mach number and number of blades on the 
noise produced by single rotation propellers at constant power 
input. 
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Figure 6. - Free space oscillating pressure distributions near a 
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Figure 9. - Noise spectra for the TG-190 turbojet engine at take-off. 
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Figure 10. - Comparison of the noise produced by a turbojet engine and 
a 9j ft. diam. "propeller operating at a tip Mach number of 1.20 for equal 
static thrust. (Distances are 12 feet from axis of jet and propeller tips 
respectivly) 
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17. PROPELLER CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES 
By Blake tf. Corson, Jr. and John L. Crigler 
Langley Aeronautical Laboratory . . 

The problems associated with propellers designed for improved p err 
formance at high speed differ from those for low speed propellers . not 
so much in character as in severity. Blade centrifugal stress, 
flutter, vibration, noise, abrasion, and icing are old problems. As 
increased power and speed, require a greater degree of aerodynamic 
refinement, these problems in general become more difficult and change, 
perhaps in relative importance, but otherwise are already familiar . 
to the designer and operator. In looking ahead to seme of the problems 
to be encountered in the design and operation of propellers for high- 
speed transport aircraft it is interesting to review some propeller 
developments of recent years. 

Figure 1 illustrates recent progress in the development of high- 
speed propellers . The curves show the variation of efficiency with 
flight Mach number for propeller types intended for application in 
three diff eirent speed, ranges . The sketch on the left indicates the 
kind of propeller which was in general use about a decade ago. The 
propeller is characterized, by cylindrical blade shanks and by working . 
blade sections about lo percent thick. In a typical application a 
three -blade propeller of this type 10 feet in diameter would absorb 
1700 horsepower at a rotational speed of 1700 rpm and flight 'speed .of 
350 mpSh. Such a propeller is intended for application at speeds up to 
Mach number of about. 0.5, and for this speed range- it is still the 
type of propeller most commonly used. 

The break in the efficiency curve at Mach number 0.5 denotes the 
speed at which the adverse effects of compressibility cause an increase . 
in drag of the. cylindrical shanks and thick blade sections which leads ; 
to a rapid loss of efficiency with further increase in speed. 

The second sketch indicates, a more recently developed propeller . 
type, how coming into general use, in which the major faults of the ... • 
earlier type, propeller have been eliminated. For this propeller the 
thickness ratio of the working sections has been reduced to about 
7 percent, and the cylindrical shanks have been replaced by airfoil- ; 
sections which tetend to the spinner surface* The essential, feature: . 
of this propeller is that it operates at relatively low values of: 
rotational spebd by which means the adverse effects of compressibility 
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are delayed until higher forward speeds are attained. These changes 
have resulted in a propeller which will operate efficiently at flight 
speeds up to Mach number 0.7, and in the lower speed range it is 
slightly more efficient than the older type propeller. In this case a 
practical application would be represented by use of a 14 -foot diameter, 
4 -blade propeller turning at a rotational speed of only 800 rpm at a 
flight speed of 500 mph, and absorbing 3000 horsepower. In comparison 
with the earlier type propeller note that the larger diameter in this 
case is a result to some extent of the increased power, but arises for 
the most part from the decreased rotational speed. Reducing rotational 
speed is an effective method for delaying the adverse effects of com- 
pressibility but requires greatly increased propeller size. 

The upper right hand sketch indicates a propeller type which is 
still in the development stage. It is essentially a highly refined 
version of the best modern propeller previously described and its 
characteristic feature is that its blade sections are extremely thin. 

For this type of propeller the designer accepts the fact that adverse 
compressibility effects can no longer be avoided' by reduction of blade 
section speed, and therefore makes every effort to reduce the magni- 
tude of the loss which he knows must occur. Reduced blade thickness 
has been found to be the most effective means for minimizing compres- 
sibility losses at high speed. as illustrated by the consistent trend 
toward reduced thickness ratio shown on this chart. The shank sections 
of such a propeller are perhaps 7 percent thick, while the working 
portions of the blade may be no thicker than 2 or 3 percent. Also the 
relative width of the blades is greater than for the other two propeller 
types considered. For this very thin bladed propeller the speed at 
which the efficiency begins to decrease is appreciably greater than for 
the modern conventional propeller, but the interesting fact is that the 
efficiency does not decrease rapidly with increasing speed. At a flight 
Mach number of 0.9 the efficiency of this propeller remains greater 
than 75 percent. 

A typical application for a propeller of this type is represented 
by the absorption of 5000 horsepower with a four -blade propeller 
13 feet in diameter turning at 1400 rpm at a speed of 600 mph. Note 
that in comparison with the previous case although the power is 
increased more than 60 percent a decrease in diameter is made possible 
by the increased rotational speed. This trend at least indicates the 
possibility that for the high powered turbine engines soon to be 
available propeller sizes may not be greater than those now in use. 

Included on this chart is a curve showing the variation of jet 
efficiency with flight Mach number. At the time when jets became 
popular the best available information on propeller efficiency similar 
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to the two curves on the left, indicated the definite superiority of 
the jet for speeds above 500 miles per hour especially when the 
lighter weight and simplicity of the jet were considered. For cases 
in which high speed was the deciding factor^ the jet was naturally 
chosen, but for long range aircraft capable of cruising at relatively 
low speed the propeller would give better performance. From infor- 
mation now available it appears that' the thin high-speed propeller will 
compete with the jet at speeds up to 600 miles per hour, and for 
cruising at about 500 miles per hour offers 20 to 25 percent greater 
range. 

The problems associated with propeller operation, are common to 
all three propeller types described. The severity of the problems, 
however, increases with speed and degree of refinement. .Many of' the 
problems were solved for the older type propellers simply by the use 
of rugged construction. For the new propellers the refined aerodynamic 
design is not compatible with rugged construction and the designer's 
problem is becoming increasingly difficult. Because the high-speed 
propeller is still in the development stage, many of the operating 
problems '.are not completely defined. The remainder of this paper 
deals, with some -of the- aerodynamic and structural trends associated 
with propellers suitable for application at speeds of 500 to 600 miles 
per hour to provide .an indication of the sort of .problems likely to 
occur in operation. 

Figure 2 presents the variation of efficiency with flight Mach 
number for two propellers of the thin blade type having diameters of 
10 and 16 feet respectively, but operating at greatly different values 
of. rotational speed; Each of the propellers tyil-1 absorb; 5000 horse- 
power at a Mach number of 0.9. 

If the important operating condition is high speed , for -example , 
Mach number 0.9.,- or if most of the time will be spent in flight near 
maximum speed, the small diameter propeller turning at high rotational 
speed would be chosen because of its lighter weight and more simple 
gearing requirements . The difference in efficiency of the propellers 
at high speed is negligible. On the other hand, if Mach number' 0. 7 
is the maximum design speed, or if high speed is only an occasional 
requirement' and- most operation will be with reduced power at lower 
speed, say 500 miles per hour, then a larger diameter propeller would 
offer better ' economy . For example, where cruising .flight is main- 
tained on half power or less by cutting out one unit of a double 
engine the larger propeller would operate with about 87 percent effi- 
ciency which is about 5 percent better than' would be. obtained with the 
smaller propeller. Except fpr having unusually.; thin blade sections 
this larger diameter propeller would' in other .respects be similar to 
the moot refined propellers now in use. ' * 
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While efficiency is one of the prime factors affecting propeller 
selection practical aspects of propeller application such as size, 
weight, and structural integrity are more often the decisive factors. 
Figure 3 presents the variation of diameter with power and rotational 
speed for propellers having design values of advance ratio of 2 and 4. 
Advance ratio, v/nD, is essentially the ratio' of flight speed to 
propeller rotational tip speed and defines the aerodynamic geometry of 
propeller operation. For each curve the rotational tip speed is con- 
stant as shown by the second column. The points indicated on the solid, 
curves cite the example chosen for the previous chart and show that as 
diameter is increased the rotational speed decreases rapidly. The 
column on the right shows typical values of maximum centrifugal stress 
for solid steel blades. These values show that the trend toward small 
size and high rotational speed is accompanied by a rapid increase in 
centrifugal stress which is a limiting factor in this direction. On 
the other hand, for very high powered installations mere size and weight 
of slow turning propellers makes the trend toward high rotational speed . 
desirable. 

A comparison of the two upper curves shows the effect of design 
speed on diameter. The curves present the variation of diameter with 
power for propellers of similar geometric design, the solid curve for 
a flight Mach number of 0.9, the dotted curve for. Mach number of 0.75. 
The example illustrates a fortunate trend toward smaller diameters as 
flight speed is increased. 

. Another factor which critically affects propeller diameter is the 
variation of air density with altitude. For a given power, the 
propeller diameter required increases with altitude. However, because 
turbine engine power decreases with altitude the relation between 
propeller diameter, engine power, and altitude is a specific problem 
for each individual application. 

While no criterion for the selection of propeller diameter is ■ 
offered by this discussion, the material does illustrate that com* 
promises must be made between 'size, weight, and structural integrity = 
which from the practical - viewpoint are more important than the. small 
differences in efficiency./ To absorb large amounts of power' at 
moderate speed with best efficiency, the trend toward large diameter 
slow turning propellers is limited .by physical size and weight.. For ■ ■ 
the small diameter high-speed propellers the limiting factors. are 
high blade stresses’ and -poorer performance at moderate speed. . ... ■ 

Of very great interest to the aircraft operator is take-off per- 
formance. Figure 4 presents the variation of thrust with air speed in 
the take-off speed range for the 10-foot and 16 -foot diameter propellers 
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considered in the previous figures. For static conditions at sea level 
the power available for take-off was assumed to be 6900 horsepower. 

In general it would be expected that a large diameter propeller 
would produce more thrust for take-off than a smaller propeller 
absorbing equal power. In this case, however, a larger prppeller, ; 
which with no additional gearing would normally turn at 860 rpm, 
would be operating in a badly stalled condition and would produce a 
static thrust of only about 7000 pounds. The poor performance merely 
reflects the inability of the propeller to absorb the available power 
at low rotational speed, without becoming stalled. This propeller . 
under such operating conditions would also be very susceptible to 
stall flutter. 

The improved performance attainable through use of a two -speed 
gear is shown by the dashed curve at the top. The same 16-foot - 
diameter propeller is assumed, but for take-off its rotational speed 
is assumed to be increased to 1300 rpm by provision of a two-speed 
gear.; For this condition the blade sections are no longer stalled, 
the static thrust is increased to 16,000 pounds, and the tendency , 
towards stall flutter is greatly reduced. 

The smaller, high-speed propeller, 10 feet in diameter turning at 
2760 rpm, produces close to 10,000 pounds static thrust. Because of 
it,s high disk loading and unavoidable compressibility loss the pounds - 
thrust ,per horsepower is much smaller than the commonly quoted figure 
of 2.5, but it does operate without being stalled. This fact together 
with the high rotational tip speed make for a propeller type for which 
the -stall flutter: problem at take-off is alleviated. Also because 
normal operation of this propeller requires extremely high rotational, 
speed.;. no additional gearing for speed change at take-off is required... 

• These limited observations indicate that aircraft, designed. prin- 
cipally for high-speed flight, Mach number 0.9 or greater, may. well- . ; 
use relatively small high-speed propellers , and obtain satisfactory 
performance in take-off without the complication of a two-speed gear., .. 
For ; long-range aircraft required to cruise at moderately high speed-, , - 
Mach number 0. 7, consideration of efficiency demands . a trend- toward , ., 

the use- of .relatively large propellers turning at low speed... For . v . ?t . } 
such, aircraft ..take-off performance tends to become critical..,. In. view 
of the- very great increase in thrust for . take-off made possible.; by : the , . 
use of . a : two -speed gear, the practicability of such .a feature-- i$ 
worthy '.of . consideration. : . . - . s- .. 

To this.. point, the discussion has been confined to. a few.; of ..the; 
aerodynamic^aspeets of propeller selection and operation. -Of. more 
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concern to the operator perhaps are the problems of flutter and 
vibration, because, these, if not solved, can lead. to structural 
failure . 

Figure 5 shows,, the variation of flutter speed coefficient with 
blade section angle of attack for two approximate values of tip Mach 
number. The flutter speed coefficient is the ratio of resultant 
speed to the product of blade width and blade torsional frequency, 
the, resultant speed and blade width being measured at a typical section. 
Note that the. denominator, the product of blade width and torsional 
frequency, is determined by physical characteristics of the propeller 
which to some extent can be control-led by the designer. For a given 
propeller this product is a constant and the ordinate scale therefore 
represents section speed, or for the static case, represents rotational 
speed. In the region below either curve the propeller will operate 
free from flutter. 

For small values of section angle of attack, at which the blade 
cannot be stalled, flutter does not occur until a large value of the 
flutter' speed coefficient is attained. In this angle range the flutter 
is of the classical type. At higher angles, however, between 8 and 
24 degrees, the blade sections become stalled. Flutter is encountered 
at" relatively low speed and is of the type designated as stall flutter. 
Because the flutter speed coefficient reaches its lowest values at 
section angles of attack,, frequently encountered in take-off, the most 
serious flutter problem apparently will, be stall flutter during take- 
off and climb. 


Note that as the . tip speed is increased the flutter boundary is 
raispd, and there is good indication that at tip speeds somewhat 
greater than Mach number 1 . 0 flutter will. not occur at all. In some 
cases a propeller which is safe for operation at a value' of tip Mach •■ ■■' 
numb br near 1.0, may be' susceptible to. stall flutter at low values of 
tip Mach number and, therefore .could not, be brought to fuli rotational 
speed at a high value of section angle of attack required' for take- 
off. ' 'In such a. case it may still be possible to operate the propeller. 
The ^Section angle can be reduced., to 8. degrees, or' less, where there- is. 
no. danger of stall flutter, and the; rotational speed increased to the 
normal- rated value. For example, if. this value of tip, Mach number 
is approximately 1.0, the higher flutter, speed boundary then applies , 
and stall flutter will, not . occur even at high angles of attack. It 
is then- safe to increase blade angle to the value required for' take - • 

off and climb. When this critical phase of operation is; completed 
there is little further danger from flutter because at higher flight 
speeds the blade sectipn angles of attack, are well below the stall 
range . "For such a marginal propeller, design, however ; the same ' 



procedure, in reverse must be followed at the completion of a flight 
when the engine is shut off. 

Another type of propeller vibration, illustrated in figure 6 
is the so-called first-order vibration caused by operation with the 
thrust axis inclined to the air stream. First-order vibration is 
experienced by all propellers , but is most serious for those having 
large diameter and thin blades. 

The figure to the left illustrates the nature of the exciting 
force which is the variation of thrust exerted by the blade as it 
turns through one revolution. When the thrust axis is inclined to 
the air stream a blade on one side of the propeller disk operated at 
increased angle of attack and experiences an increased thrust; on 
the other side of the disk the angle of attack of the blade is 
decreased and the blade suffers a loss of thrust. For each blade 
the changing load cycle is completed during each revolution and the 
frequency of this excitation is equal to the propeller rotational 
speed. 

The angle of thrust axis inclination, a,_, illustrated by the 
upper right hand sketch, is determined by all factors which can 
produce a skewed air flow, sideslip as well as angle of attack, also 
upwash ahead of the wing or uxlsymmetrical flow created by the engine 
nacelle and fuselage. There have been cases in which taxiing in, a 
cross wind gave rise to first-order vibration. If the effective angle 
of inclination is known the vibratory stress can be calculated. 

The blade stresses produced by the oscillating load increase 
directly as the product of the angle, , and dynamic pressure as 
shown in the lower part of the figure. : The product, a^q , has an 
appreciable value over 'most of the operating range of - the aircraft 
At low speed dynamic, pres sure is small. but is large, at high 

speed the reverse is true. Excitation can occ.qr- under all operating 
conditions, though it may . be alleviated at high speed or cruise if 
the designer can achieve 1 a small value of ct for these conditions. 

The only encouraging aspects of this problem are that the cause of 
the vibration is known, and that the blade vibratory stress can be 
calculated if the flow field in the propeller disk is known either 
from calculation or from wind tunnel tests of a model. In the lower 
figure the solid line presents calculated values of stress for a 
propeller used in a wind tunnel investigation; the points on the curve 
are measured values. 
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The problem is sufficiently serious to make necessary special 
operating techniques for some propellers now being used, and the 
future application of very thin propellers does not promise to ease 
the problem. .Operation near’ resonant speed should be avoided. Also, 
in the .case where, a. long period in climb is required, or for level 
flight with a heavily loaded aircraft, operation with partially 
deflected flaps will help to reduce the angle of attack and thereby 
minimize propeller vibration. 

The noise created by the small diameter high-speed propellers 
operating at supersonic tip speeds will certainly be objectionable. 
Conceivably, the sound pressures could be sufficiently great to. 
cause structural damage to an aircraft. If this should be the case, 
noise would become a limitation to the use of small high-speed 
propellers . The noise problem is not at all critical for the large 
slow turning propellers. 

Because of the improved efficiency at high speed attainable by 
the use of very thin blades, serious effort will be directed toward . 
the development of thin-blade propellers. 

For the speed range near Mach number 0.9 the trend will probably 
be toward the use of relatively small diameter propellers turning at. 
high rotational, speed. At this speed such a propeller will. operate 
with: efficiency better than 75 percent. The small size results in a 
lighter weight propeller, and high rotational speeds make possible, 
the use of smaller and lighter reduction gears without the necessity 
for additional gearing to improve take-off. For the small high-speed 
propeller the flutter and vibration problem will probably be less 
critical ..than for large, slowly, turning propellers. 

Where cruising at reduced power and speed is important, the. 
favorable trend is toward the use of large diameter, slow turning 
propellers bdcause these operate with better efficiency than other 
types in the moderate . speed range. For these propellers, however, 
flutter and' vibration will be critical problems. Also to obtain best 
take-off performance may require the development of two-speed gears.. 
In cases where flutter and vibration are critical, these problems, may 
be avoidable by the use of special operating techniques. 




Figure 1. - Variation of efficiency with flight Mach number for three 

different propeller types. 
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Figure 2. - Variation of efficiency with flight Mach number as affected 
by diameter and rotational speed. 




Figure 3. - Variation of diameter with power and rotational tip speed. 
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Figure 4. - Variation of thrust with airspeed in take-off. 



Figure 5. - Variation of flutter speed coefficient with blade section angle 

of attack. 
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Figure 6. - First order vibration - excitation and blade stress. 
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PROPULSION CONSIDERATIONS FOR HIGH-SPEED 
TRANSPORT AIRPLANES 

18. POWER PLANTS FOR HIGH-SPEED TRANSPORT AIRPLANES 
By Bruce T. Lundin and Eldon W- Hall 
Lewis'Flight'Propulsion Laboratory 


The introduction and subsequent development of the gas-turbine 
power plant within the recent postwar period offers possiblities 
of greatly improved transport aircraft performance and, at the ' 
same time, introduce- many new and complex problems of both engine 
and aircraft operation. Beth the performance and operational 
characteristics of the gas-turbine engine differ greatly from 
those of the. familiar reciprocating engine, and these differences 
will have a marked effect on transport aircraft performance and 
operational procedures. Although the application of the turbine- 
propeller and turbojet engines to transport aircraft has been 
actively studied and discussed from a performance point of view by 
many investigators in recent months, rapid progress of engine 
development necessitates constant revaluation, and many difficulties 
of engine operation remain to be adequately defined and solved. 

The main performance characteristics of the turbine -propeller 
engine that are of interest to aircraft operation are illustrated 
in figure 1, where the thrust per unit engine weight and the thrust 
specific fuel consumption are plotted against flight speed. These 
curves are for an altitude of 35,000 feet, although the general 
trends are the same for any altitude- The principal characteristics 
illustrated by these curves are the decrease in thrust and the 
increase in specific fuel consumption as flight speed is increased. 
At a speed of 600 miles' per hour, for example, the thrust is just 
about one-hhif as great and the specific fuel consumption is 
nearly three times as high as at a speed of 300 miles per hour. . 

This decrease in engine performance with increasing flight speed 
is a direct result of the frequently mentioned constant- horsepower 
characteristics of the turbine -propeller engine. In other words, 
if the engine performance is expressed in terms of horsepower 
instead of on a thrust basis, the brake horsepower per unit engine 
weight and the brake specific fuel consumption would be approxim- 
ately constant over the range of flight speeds presented and 
numerically equal to the values indicated at a speed of 375 miles 
per hour. 
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The main performance characteristics of the turbojet engine 
are presented in figure 2 where the thrust per unit engine weight 
and the thrust specif ic fuel consumption. are plotted against the 
flight speed. The solid curves refer to- the turbojet engine and 
the dashed curves show, for comparison/ the characteristics of 
the turbine -propeller engine that were illustrated in figure 1. 

In contrast to the constant- power characteristics of the turbine - 
propeller engine, the turbojet engine is essentially a constant- 
thrust device, with both, the thrust and the specific fuel consump- 
tion remaining substantially unaf e.cted by flight speeds A com- 
parison of the performance 'characteristics of the turbine - 
propeller and the turbojet engine reveals that, at low flight . 
speeds, the thrust of the two engines is about the same but that 
the fuel consumption of the turbojet engine is about three times . 
that of' the' 'turbine -propeller engine- As the flight speed is ■ 
increased, however, the thrust of the turbojet engine becomes 
much greater than that of the turbine -propeller engine, and the 
difference in specific fuel consumption of the two engines ; 

becomes small., .. 

Although the engine performance characteristics illustrated 
in figures 1 and 2 afford some appreciation' of the potentialities, 
of these gas-turbine power' plants, ah adequate evaluation of their 
utility for transport aircraft must consider the aerodynamic and 
structural- characteristics of the airplanes in which they are used. 
One such analysis is a study of the range or distance each type of 
power plant may carry a given pay load at various flight speeds 
and altitudes'. An illustration of the results of such a range 
study is shown in figure 3, where the flight range is plotted 
against the ' flight speed with the two curves- indicating' the capa- 
bilities of the turbine-propeller- arid of the turbojet engine. 

The power plant’ providing the • greater range at a given flight 
speed is obviously the superior- engine even if that value of range , 
is longer, than' desired because shorter ranges could be- covered, 
with that engine' with either a -smaller fuel expenditure or a 
larger pay load. ’ These results' are based, .on design- point studies, 
that is, both the airplane and engine are varied to obtain optimum 
performance at each point, in- order to . illustrate .the’ -potentialities 
of these two types' of engine and. t'o evaluate t-heir relative ranges 
of application. 'Some of the main airplane assumptions that were., 
used are a pay load of 10 . percent’- of ' the gross weight, a structure 
weight of 40 percent of^the gross- weight, . a Breguet flight plan, 
and a maximum wing ioading of '-60 pounds per., square foot. As would,, 
be expected from the performance’ characteristics of the turbine- . 
propeller engine, the range provided by this engine decreases. 
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• rapidly- as ’-'flight speed is increased. The range provided by the 
turbojet -engine, . however, increases- with increasing. flight. speed 
until the high;dra,g region of compressibility is reached., Thp 
turbine -propeller, engine is. superior to the turbojet engine for 
flight speeds up to about' 520 miles per hour ; and> at higher flight 
speeds,- the turbojet is .-the better engine. From the standpoint 
of range and pay -load capabilities, -the : most effective- application 
of these engines is in the region of 400 to -500 miles, per hour' for 
the ;.turbi ; ne -propeller engine and in' the ; region from 500 to 600 miles 
.per hour, for the .turbo jet engine. ” ! ' 

- -As indicated in figure 3, these results, are for an altitude 
! of; 35,000 feet for both engines. Analysis for other flight. alti- 
tudes .resulted in somewhat different values, of. range, but .the 

• cross -over point between the turbine -propeller and. the turbojet 
engine, remained,. essentially the same for all- altitudes! This 

: study . of various .altitudes of operation also ind.Icated. that the 
! optimum. altitude for both types of power -plant was between 30,000 
to- 40,000 feet. The flight range at an altitude, of 20,000 feet 
' was of the order of 80 percent of that shown in figure 3 for an 
altitude of 35,000 feet. ' 

In order, to illustrate the characteristics of a given airplane 

• over a range of flight conditions,- the performance of a selected 
, -airplane and -power plant was' analyzed and is summarized in. 

• figures-, 4 and 5. The. design flight condition -was chosen as 

450 miles .per hour Vat ‘an altitude of 30,000 feet for the turbine- 

- propeller engine, and as 600 miles per hour at an altitude of 
35.) 000 feet for the turbojet’ engine. For both types of power 
plant, a. gross airplane weight of 150,000 pounds 'Was assumed and 

- a ■ pay; load -of 15,000 pounds, or 10 percent of the -.-gross weight, 
is- carried. The airplane structure was taken as 40 percent. of 
this .gross weight,, and the fuel -tank weight as 10. percent of the 
total fuel weight. The analysis included the fuel- required to 
climb to cruise altitude, and a reserve fuel of 10 percent of the 
total fuel was allowed. This value of reserve fuel was- chosen 
instead of the. more conservative current CAA requirements in the 
belief . that present. stacking procedures for landing or resort to' . 
alternate landing, fields' in event of poor weather cannot be. tol- 
erated if .the full potentialities of these gas -turbine power 
plants are to be realized. The wing loading was -assumed as 

60 pounds per square foot for both airplanes. Thi§ rather mod- 
erate value of wing loading was used in consideration of the 
landing problem and to assure sufficient volume in-the wing. to 
carry the fuel. • Both airplanes are considered to be powered by 
four power plants. 
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The performance of the turbine -propeller- powered airplane ■. 
is presented in figure 4 as a plot of range against flight speed' • 
for various altitudes. The design point' is indicated by the 
circle at a speed of 450 mile's per hour and an altitude of 

30 . 000 feet. At this design condition, a flight range of slightly 

over 5000 miles is obtained: The power plant was taken to be. of. - 

sufficient size to fly the airplane at this design condition at •. 
normal continuous rating. With this size of power-plant, the 
airplane is capable of flying at altitudes 5000,. feet over the 
design altitude, but the maximum continuous flight speed is lim- 
ited to about 450 miles per hour. The range remains essentially 
independent of flight speed over a range from 300 to 450 miles per 
hour, but falls off as the flight speed is reduced below 300 miles 
per hour. This reduction in range at low flight speeds is due to. 
the combined effects of the reduction in airplane lift-drag ratio 
at off -design-point flight and the increase in specific fuel con- 
sumption of the engines at part throttle. At a speed of 300 miles 
per hour at an altitude of 20,000 feet, it is possible to fly the 
airplane on two engines, and the lower specific fuel consumption 
of the two engines at full power compared to four engines at 

50 percent power results in the discontinuity in the range curve 
at this point. If it is necessary to depart from the design alti- 
tude because of unfavorable weather or head winds, an increase in 
altitude will permit attainment of the design range at a slight 
saci If ice in- flight speedy If, however, it. should become necessary 
to reduce altitude, either the range must be decreased (fig. 4) or 
the pay load: must be reduced. A comparison of the various altitude 
curves indicates that a reduction in altitude from 30,000 to 

20.000 feet will result in a reduction in range ot. 25 percent.. The 
dot-dash curve indicates the airplane -flight ^imitations .on. .three 
engines, that is, the performance that would ‘tie obtained, if an 
engine failure occurred near the. start of the flight. In this 
event, the flight speed would be reduced about 50 miles per. hour 
below the design value, but attainment of the design range is. 
still possible. 

A similar set of performance curves for the turbojet-powered 
transport is presented in figure 5 where the range is plotted 
against flight speed with the various curves referring to different 
flight altitudes, and the circle indicating the airplane and engine 
design point. At the design speed of 600 miles per hour, a range 
of slightly over 2200 miles is obtained. -In this case, the engines 
chosen were slightly larger than necessary for cruise operation at 
the design point in order to permit flight at slightly higher . 
altitudes and to partly relieve the' take-off problem, which will 
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v .^\eul)46'qilentiy. d l s .cusged > .i]q. detail J7 ■ -..The ■• jraii-ge .~pr.ovid.ed "by 'the : 
^owertec^ .ajKpX^i^ yis somewhat ppreusensibive to flight 1 >. 
speed. ’ than that' ' of,’ the’ .turbine - propeller .a, i^plane’;-.^the v range 
decreases from the , value ;.as : the flight. ’-^peed. i-:a either ' 

increased or decreased... The. effect,. of a change. in altitude on ' 
the range is . about ’ the sa,me as that .of the turbine -propeller * 
airplane" with a "decrease" in altitude, of 10^ 000. feet- below .the- : J 

design value necessitating a decrease in range of about 25 per- ..*• 
cent. In event of a’n ; engine failure, not .only. ,4 a a. reduction, - 
in flight speed required but, unlike the. turbine -propeller 
powered airplane^ a reduction in both altitude and range below . 
the design value's will' be necessary. .. .. ■ ; . • ...... 

The engine -performance i' characteristics used . in .theipre- • 
ceding, analyses were the' same as those Illustrated in. figures i,-~ 
and 2 and were chosen to be representative of the performance of 
engines that are either available or in. final development at the • 
present time'- L As such, these. 'analyses are in .substantial agree- 
ment with the "re suits of many other investigations that have been 
actively discussed within recent months- It is .therefore of ; 
interest to investigate, how this picture wili be changed if the » 
improvements in engine performance that are- indicated by research r 
and development, now in progress are realized. These improved 
engines 'shall' be- designated as future engines and are- viewed as . 
the type; of power plant ‘ that may he available,- to the transport, 
industry'' i.n' the near future. ... . . 

The characteristics of the turbineiprppeller engine are •. . 
s hown i tt • f i gur e 6; the values, without the . box around t hem r efer. 
to ".present engines and - the ' vdlUbs within.- the box are . for., future . , 
engines'.' - All the values '.shown. 'refer to engine operation at con ^ 
tinuous or normal cruising conditions ' Both . the compressor pres- 
sure-ratio and turbine-inlet temperature would.be somewhat higher 
at maximum rated engine conditions. The .compressor pressure 
ratio P 3 /P 2 was increased from 6 for the present engine to 8 
for the future, engine, and '.'a turbine-inlet temperature . T^ of . 
1900° R was taken":' f oi 'both .engines. The. use of turbine, cooling 
to. permit higher turbine’- inlet temperatures.. for the future- engine 
is not considered because analysis indicates it to be of only • 
minor benefit for the', range of ..engine and flight conditions • 
presented’ herein. ' The component efficiencies were . each- increased ■, 
3 .p.ercentufor the future . engine., giving a compressor efficiency,.-. ; • 

t]Q --' 0 f - 88 percent, a p'ornbustion' e.ff iciency of ;98 percent, . 

and a turbine; efficiency . Qt. 91 percent for. the, future* engine / 
The variation*. in propeller ieff iciency-. with 'flight speed is ' 
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illustrated in the small plot in figure 6- For the present engine, 
the efficiency was assumed constant at 85 percent up to a flight 
Mach number of about 0.6, after which the efficiency dropped to 
50 percent at a Mach number of 0.9. For the future engine, the 
efficiency was increased to 90 percent in the low -speed range and 
was assumed to drop to 75 percent at a Mach number of 0.9. The 
engine air flow W a /Ac at sea -level conditions Was .taken as 
15 pounds per second per square foot of compressor -frontal area 
for the present engine, which was increased to '20 for the future 
engine. Only moderate increases in component efficiency and 
pressure ratio were considered for the future engine with prin- 
cipal emphasis being placed on engine air flow and:. propeller 
efficiency because analysis has shown these factors to be of 
greatest importance. All these assumptions are considered to be 
fairly realistic and' possible of attainment without extensive 
development. . 

The characteristics chosen for the present- and. future turbo- 
jet engines are - illustrated'.. in. figinre 7. The compressor pressure 
ratio of this engine was l: somewhat' lowers than .for the turbine - 
propeller engine,. /being- : 4;:5,..f or .the present engine: and 6.0 for 
the future engine . For -both-., engines, the. turbine- inlet tempera- 
ture was maintained at '1900° R and 'arf eXnaust'’-n : ozzTeT.eff iciency 
of 95 percent was. used. . The component .effici eric ies, <are the same 
as those previously indicated , for .the-- turbine -propeller engine . 

The air flow was taken' as 25 pounds per..- second -per square' foot of 
compressor frontal area for .-the/ present engine and. 30 pounds per 
second' for-: .the, future-' engine . All "these- assumptions,- in particular 
the engine air -flow and -pressure ratio,. may be considered rather 
conservative when, compared to the .anticipated' performance of some 
engines now, under development for the military services, but were . 
SO taken, in the belief, that/. they. -would thus be. most representative 
of engines that would be available to the transport industry in- 
quantity production at moderate cost- : 

The improvement in airplane performance ' afforded by the 
future engines is illustrated by a design -point-range study in 
figure 8. In this figure, the two solid lines refer to the -future 
turbine -propeller and turbojet engines and, for comparison, the ’ ; ■ 
dashed lines indicate the performance of present engines. This 
comparison between present and future engines shows that the . 
range performance of both the turbine -propeller and the turbojet 
airplane is greatly improved by the future engine. At the design- 
point speed of 450 miles per hour for the turbine -propeller 
engine, which is indicated by. the vertical line, the range is 
increased from about 5000 miles with present engines. up to 
8500 miles with the future engines, or an increase of 70 percent» 
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As previously mentioned, these range capabilities may be con- 
sidered as a relative, rating, or figure of merit of the power 
plant, even if ranges as large as 8500 miles are unnecessary. 

For example, it’ was computed that, for a range of 5000 miles 
for both engines, the pay load that could be carried could be 
increased from 15,000 pounds with the present engines up to over 
38,000 pounds with -the future engines, or an increase of over, 
two and a. half times. This increase in. airplane performance with 
the future turbine -propeller engine is largely the result of 
higher component efficiencies and air-flow capacity at low flight 
speeds and nearly half the gain at high flight speeds is due to 
the higher propeller efficiency. For the turbo jet- powered air- 
plane, the range at a design speed of 600 miles per hour, shown 
by the vertical line in figure 8, is increased from 2200 miles 
; with present engines up to 3100 miles with the future engines, 
or an increase of about 40 percent. 

Although large improvements in performance are thus pre- 
dicted, for both turbine -propeller--. and turbojet -powered aircraft, 
the magnitude of these future gains is somewhat greater for the 
turbine -propeller'. engine than for the turbojet engine. As a 
result, the cross-over point between the turbine -propeller and 
the. turbojet engine is extended from about 520 miles per hour for 
present engines to over 600 miles per hour for the future engines. 
Although the exact value .of this cross-over point is admittedly 
sensitive to the -assumptions used, the fact .remains that the anti- 
cipated, future’ development of both the turbine propeller and tur- 
bojet engines will be of greater benefit to. the turbine -propeller 
. engine . 

As previously mentioned, the size of the power plants used 
in the preceding performance analysis was chosdn to be just suffi- 
cient to fly* the airplane at the design- flight condition -with, in 
.the case of the turbojet engine, a small increase” to -permit flight 
at a .higher altitude. It therefore becomes necessary". to investi- 
gate the take-off situation with both turbine -propeller and tur- 
bojet engines'. This take-off problem is the same for both the 
.; present and” future engines because, the airplane gross, weight and 
the total thrust output of the engines are identical.' '. 

One factor that aggravates the take-off problem -is the decrease 
in thrust of these engines at high ambient air temperatures. The 
magnitude of this effect is shown in figure 9, where the ratio of 
take-off thrust to rated engine thrust is plotted against the air 
temperature. Curves are shown for both turbojet and turbine - 
propeller engines, with the effect of air temperature being most 
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pronounced for the turbine -propeller engine.. At an air tempera- 
ture of 100° F, the take-off thrust of the turbine -propeller 
engine is .reduced to about 75 percent of the rated value and the 
turbojet engine has lost about 10 percent of its rated thrust- 

In spite of the large reduction in take-off thrust of the 
turbine -propeller engine with increasing ambient temperature, 
the inherent large horsepower of this type of engine affords 
satisfactory take-off performance even at high air temperatures- 
For the turbine- propeller airplane, which was equipped with 
sufficient power to fly at 450 miles per hour at 30,000 feet 
under cruise engine conditions, the take-off distance with an 
air temperature of 100° F .is only about 3500 feet- 

For the turbojet airplane, however, which was provided with 
engines that were slightly larger than necessary to cruise at 
600 miles per hour and 35,000 feet, the take-off distance was 
computed to be about S000 feet- In order to reduce this take-off 
distance to practical values, the engine thrust at take-off must 
obviously be increased. Increasing the number or size of the 
engines to. obtain this increase in thrust would penalize the 
cruise performance of the airplane. The magnitude of this loss 
in airplane performance when the engines are increased in size 
is shown in figure 10 where flight range is plotted against take- 
off distance . The take-off distances (fig- 10) were computed 
for design aircraft gross weight and an ambient temperature of 
100° F and are sufficient to clear a 50-foot obstacle. Current 
CAA requirements were used which permit all four engines to be 
used at full rated power for the initial ground. run but, after 
a critical point is reached, require the take-off to be com- 
pleted with one engine dead. As previously- mentioned, the attain 
ment of the design range of 3100 miles, which is indicated by 
the dashed line, requires a take-off distance of 9000 feet As 
the take-off distance is decreased by increasing the size of the 
engines, the range is decreased because of the greater weight 
and size of these engines and because of the higher specific 
fuel consumption associated with part-throttle operation. With 
sufficient engines to provide a take-off distance of 3000 feet, 
the range is reduced to 2200 miles, or about 30 percent below 
the design value. 

The loss in range illustrated in figure 10 need not be tol- 
erated if the normal engine installation is retained and if the 
additional thrust required for take-off is obtained by some other 
means. .This extra thrust for take -of i can be obtained by rocket- 
assist units; but this method is rather expensive and has other ' 
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obvious disadvantages for widespread commercial use. The use of 
special methods for augmenting the thrust of the turbojet engine 
for- short periods of time therefore becomes of particular interest. 

Experimental, and. andly tidal investigations of various methods 
of thrust augmentation have' beem in- progress 'at. the Lewis labora- 
■ tory for several years, .and 'a -summary, of' the' results of several of 
...the investigations, is, presented in ;figure -'llv In this figure, the 
ratio of augmented .- to, normal thrust 'is plotted against the ratio 
of liquid or fuel flow with augmentation to ; the normal engine 
• fuel flow. Three different methods of thrust augmentation- are 
illustrated, each of which is advantageous for. various ranges of 
application. The use of tail --pipe burning, or the burning of 
additional fuel in the engine tail pipe to raise the exhaust -gas 
temperature higher than permitted by the turbine -blade materials, 
is obviously the best method from the standpoint of low liquid 
consumption and provides a thrust ratio of up to nearly 1.5 for 
a liquid consumption ratio of about 3-5- This point is very close 
. to maximum possiblities, which are reached when enough fuel is 
injected into the engine tail pipe' to completely burn all the air 
that passes through the engine. The water -in jection method is 
limited- to thrust ratios of the order of 1 .25- and- requires con- 
siderably higher -liquid flow rates than the tail -pipe-burning 
method. Because of the extreme simplicity and small additional 
weight' of this -method, however, .it is probably the most desirable, 
if only moderate thrust increases are required for short periods 
of time. ' . 

Because, the use of water injection increases the compressor 
pressure ratio and because the use of tail -pipe burning increases 
. the exhaust-gas temperature, these two methods work well together 
. and actually augment each other. Thus, these two methods may be 
used in -combination when very large thrust- increases are required. 
Some of the results obtained by this combination method are also 
. , indicated in figure 11 for two different -rates of water injection. 
This type of . augmentation may be used to cover the range of thrust- 
augmentation rating from about 1.5, or the maximum possibilities 
of tail-pipe burning, up to nearly 1.7. Thus, these effective 
methods of increasing, the thrust of the turbojet eng.ne may be 
used to help solve the take-off problem. -. 1 . 

-The reduction in take-off distance permitted by these methods 
of thrust augmentation is illustrated in figure 12 where the take- 
off distance is plotted against the ratio of augmented to normal 
engine thrust. Adjacent to the abscissa scale is shown the range 
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of applicability of each of the three . methods of thrust augmen- 
tation. The take off distance decreases rapidly as the amount 
of thrust augmentation is. increased; the use of water injection 
alone provides a reduction from 9000 feet to 5600 feet . For a 
take -of i distance of 4000 feet, a- take-off thrust ratio of 1.45, 
which 'is near the upper limits of. tail-pipe burning, is required. 
The extra fuel required to operate the tail- pipe burner for this 
amount of augmentation during the. take-off period was computed at 
..about 2.5 percent of the total fuel load,' of which the largest 
part is consumed during the ground run. The use of the combina- 
tion of water injection and tail -pipe burning, which provides a 
thrust ratio of nearly 1.7, would permit a further reduction in 
take-off distance to 3000 feet. 

This brief survey of some of the performance characteristics 
of gas-turbine power plants has indicated that the constant -power 
characteristics of the turbine -propeller engine result in its most 
effective, application at flight speeds between 400 and 500 miles 
per hour and that the constant -thrust characteristics of the tur- 
bojet engine make this engine most effective at speeds from 500 
to 600 miles per hour. Very large increases in the capabilities 
of both of ■"these power plants are indicated by anticipated future 
development;, .--particularly for the turbine -propeller engine. 
Desirable cruising altitudes are of the order of 30,000 to 
40,000 feet for both engines, with both engines being about equally 
affected by departure from the design altitude. The turbine - 
propeller engine was found to have sufficient power to take off 
on a hot day with. engines properly sized for cruising conditions, 
but the take >oif characteristics of the turbojet engine were such 
that special thrust-augmentation methods will be necessary for 
take-off use. if the full potentialities of this engine are to be 
obtained. -. Adequate thrust augmentation methods are available, 
however, with the tail-pipe -burning method providing a take-off 
distance of 4000 feet with an engine installation designed for 
most efficient use at cruising conditions. 
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UNAUGMENTED ENGINE 



TAKE-OFF DISTANCE, FT 


Figure 10 


TURBOJET THRUST AUGMENTATION 
FOR TAKEOFF 


J— 

co 

3 

oc 

X 

I- 

o 

UJ 

H 

2 

LlI 


O 

3 

< 


WATER INJECTION 



AUGMENTED LIQUID FLOW 
NORMAL FUEL FLOW 


Figure 11 

EFFECT OF THRUST AUGMENTATION 
ON TAKE-OFF DISTANCE 



NORMAL THRUST 
Figure 12 



19. OPERATIONAL CHARACTERISTICS OF TURBINE ENGINES 


By William A. Fleming and Reece V. Henaley 



137 


‘ . RESTRICTED ■ 

PROPULSION CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANE? • 
19.' OPERATIONAL CHARACTERISTICS OF TURRINE ENGINES . 

By VJilliam A. Fleming and Reece V, Hensley . ;s 
Lewis Flight Propulsion Laboratory 


The applicability of turbine engines to transport aircraft 
has been discussed from the aspect of engine and aircraft per- 
formance and range characteristics, 1 In addition to these factions, 
there are a number of engine operational characteristics that have 
been encountered in operation of turbine engines duringthe last 
several years. Some of the operating problems stemming from these 
engine .• operational characteristics are reviewed herein with respect 
to their effect on the operation of transport aircraft. 

The operational characteristics that have been encountered 
and considered to be of main importance are: The altitude (oper- 

ating limits of the engihes; the ability to restart the engines 
during flight at the cruise altitude; possible methods of oper- 
ating the engine .during landing approach, with a view toward 
maximum thrust reduction with rapid recovery of full thrust in 
the event of an unsuccessful landing approach; and requirements 
of, an engine-control system fon all altitudes. These character- . 
isti.cs .pose more severe problems in some engines than in others,., 
and- in-, engines' of recent design some of the problems have been. . , 
essentially eliminated', 

• Investigations^ of the altitude operating limits haye ip-, .. 
dipat ed that, the maximum altitude at which' a turbine engine will 
operate is limited by the contou'stor, As the altitude 'is increas- 
ed, the pressure in the combustor becomeslewer and thereby adverse- 
ly affects combustion, As a result, the combustion efficiency 
decreases at high altitudes until an altitude is reached v.here the 
pressure in the combustor is no- longer high enough to sustain suf- 
ficient burning ahead of the turbine to maintain eigine.. operation 
and the- flame is extinguished,. , . 

.An example, of the altitude operating limits of a current tur- 
bojet engine having a compressor pressure ratio of about U .is shown 
in. figure l v . ’.Operation of. this, engine at' any altitude y/as possible 
only over the range of .engine speeds between the minimum and max- 
imum-speed-limit curves, V/ith this engine 'it was -possible to 
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operate at engine speeds as low as the normal idle speed up to an 
altitude of 38,000 feet. At higher altitudes, the pressure in the 
combustor at idle speed was too low to sustain combustion. It was 
therefore necessary to increase the engine speed as indicated by 
the blow-out limit so as to retain the pressure in the combustor 
sufficiently high to maintain burning. The decrease in the max- 
imum-speed limit at high altitudes was caused by a reduction in 
compressor efficiency which is generally encountered at high al- 
titudes and results in a rise in turbine temperature at rated 
speed; therefore the speed must be reduced at high altitudes to 
avoid overheating the turbine. Altitude limits are not indicated 
over the intermediate speed range, inasmuch as these limits were 
above the altitudes covered in the investigation. 

Also ‘illustrated in figure 1 are the probable ranges of cruise 
and let-down operation. The probable limits of cruise operation are 
well within the altitude operating limits of the engine. Operation 
of this engine during let-down at high altitudes would be dangerously 
close to combustion blow-out. 

With continued research and development, the operating limits 
of most current engines are well above those shown in figure 1, 

Means for extending the blow-out limits to higher altitudes and con- 
sequently to lower burner pressures include modifying the combustor 
liners to alter the introduction of air into the burning region and 
using variable-area i\i el injectors, which permit operating with high- 
er injection pressures at high altitudes and consequently with better 
fuel atomization than is obtainable with fixed^area injectors. Also, 
as the compressor pressure ratio of the engine is raised, the altitude 
operating limits will be correspondingly extended. 

The turbine-propeller engine does not, suffer from the maximum 
and minimum speed or thrust limitations, of the turbojet, because it 
can be scheduled to operate from maximum to minimum thrust at or 
near rated speed by changing the propeller blade angle. The maximum 
altitude will- be limited by the combustors in the same manner as the 
turbojet engine. Altitude limits of Current turbine- propeller en- 
gines are in the vicinity of 50,000 feet or higher. 

Another extremely important operating problem, which is under 
intensive research at the present time, is that of restarting an 
engine in flight at the cruise altitude. The necessity for restart- 
ing the engine may be due to combustion blow-out resulting from mal- 
functioning of the engine or improper controlling of the engine. 

Also, it may be either necessary .or desirable for best economy to 
shut down some of the engines during part of the flight. Failure 
of the engines to restart might require a. let-down of as much as 
10,000 to 20,000 feet.; A subsequent climb to cruise altitude after 
restarting the engines would result in an undesirable cost in terms 
of fhel- consumption, as well as a loss in tinie. 
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The problem of restarting a turbojet engine in flight can be . i i 
iiiustf&ted with the-. jaidyof, figur.e 2, Many current engines ape of ' 
the' type 1 shovin' in -.figure ; 2 .with i ..a' J nd!iAer of tubular. 1 canhuatprs i' '' • ; 
Spark'^lugs 'are/'^^erallyv-fiia.C^C'iV.^y tW.b-°:f thp^combusVbrs.,.; ‘Ir*W. . 
terconhecting tubes proydde’ : :a. path 'tor .the flame to’ travelto 'the'. ' 
other combustoirso Altitii-cJe starting 'can b'e -divided- ; into, -three steps: 
ignition,-’ propagation,, ; jand... acceleration. Ignition is obtained by 
.supplying 1 a dombustible^nd^ture of^fuei' and air in the region of 'a - 
spark thaV'hae' sufficient eriergy. to, ignite it’. Once.- the fuel is ' " 
ignited 'in- 'on 4 or? both 'of the combustors' containing sparse plugs,, 
conditions must be fayprable, for. the , propagation or spreading' of ' the 
flame through the interconnecting tubes to each, of . the othe'r, com- '' ;: 
bustors. With engine s-.hayiiig annular combustion- zonesj , propagation 
pr. spreading of.. the flame is generally n'o' : problem, •, 

With the fuel burning in 'all the' combustors) it is then neces- 
' sa'ry to accelerate- ' the engine fiom the windmilling' starting speed, 
which may be' only 10 to 20 percent o'f rated speed,' to the hoinriai 
operating speed range. Acceleration must be accomplished without ' 

. ekcee'dirig the turbihert'emperature. limits' 1 : or.'without quenching the j 
,. flame ;ih. the, edmbustors by increasing- the? fuel flow too. rapidly. 

' In order to illustrate how '.ignition,' flame propagation,' and 
acceleration limits are imposed on a turbojet engine, ..an- example of 
. the altitude-starting limits of orle engine investigated is shown in 
•figure 3. Successful starts of the engine, could be made only at al- 
titudes below the acceleration-limit curve : up to. a Mach 'number of 0,6 
-.and 'below the propagation limit at 'higher Mach numbers. 

-. , . -Fpr 1 example, at a Mach -number of 0,4 and "an altitude o'f 28,000 
ieety burning could be obtained' in all“ the combustors, but the 'engine 
could not be accelerated without exceeding the turbine-temperature 
. limits. At a Mach. number of 0.7 and an altitude of 35,000 feet, the 
fUel-dir mixture could be ignited in the combustors containing spark 
plugs; however, the flame would not propagate through the. inter-'' 
connecting tubes and ignite the remaining combustors. 

'Although starting -of -this, engine was- marginal at: .the. cruise' 
.altitude of '35 >000 feet, - some- current engines have somewhat, higher 
, aftitude-starting limits. . ■■ 

A' program -is now in progress at '.this laboratory -to improve al- 
titude starting. The aim of this program is to raise the altitude 
ignition and propagation limits to approximately the altitude' oper- 
ating limits.' Variables being studies to improve ignition at' al- 
titude include the location of the apark in the' combustor, the type' 
of spark- plug used, the amount of energy dissipated 1 in the .spark, 
and the fuel-spray pattern. The size and -location' of the inter- , 
connecting tubes-' are being varied to improve propagation" br the"'- ' • 
ability of the' flame to spread -from', combustor '.to*' combustor,, . .. 
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Preliminary experiments with single combustors have shown that 
when the spark energy is increased from the standard value of 0.025 
joule to a value of 10 joules, both high and low volatility fuels 
were ignited at much higher . altitudes than those shown in figure 3» 

' One factor that can limit altitude acceleration is poor com- 
bustion, In order to accelerate .the engine> the turbine- inlet tem- 
erature must be raised* The stability of some combustors at altitude 
starting conditions is so poor that when the fuel flow is increased 
to raise the temperature the flame is .quenched. With mother combus- 
tors, an increase in fuel flow .at starting conditions .result's in 
lengthening of the flame through the turbine into the. tail pipe. 

The additional restriction to the gas flow caused by this burning 
downstream of the turbine results in a rise in pressure in the tail 
pipe. Therefore, although limiting turbine temperature may be reached, 
the available pressure drop across the turbine is insufficient for 
engine acceleration. 

Another factor that can limit altitude acceleration is compressor 
stall. There is a pressure rise across the compressor accompanying 
the increase in temperature for acceleration. This increased pressure 
rise at windmilling starting speeds can stall the compressor blades 
and result in a speed reduction. 

One method for increasing the altitude acceleration limit is by 
the use of a variable-area exhaust nozzle. When the exhaust nozzle 
is opened, less restriction is offered to the gases flowing through 
it and hence the turbine-outlet pressure is lowered c . Although gains 
obtained with the variable-area, nozzle are. limited, the maximum al- 
titude for engine acceleration has been raised by 5000 to 10,000 feet 
with this method. 

Continued research -to '.improve the combustor performance should 
permit a further increase in. altitude acceleration limits. 

- The altitude starting problems of the turbine-propeller engine 
are the same as those for the turbojet engine. • When the propeller 
is geared to the compressor- turbine shaft, the turbine-propeller 
engine can be wlndmilled to as high as rated speed with the propeller' 
even at low airspeeds. Ignition and flame propagation would there- 
fore be the only problems.; in starting at altitude with this type of 
engine, . 

During the landing approach it is necessary that the engine 
thrust be reduced as much as possible; however, the engine must be 
able to regain; rated thrust in 2 to 3 seconds- if necessary in order 
to regain flight speed and altitude in, case of-- an unsuccessful approach. 
The amount of thrust reduction depends on .the aerodynamics of the air- 
plane in the landing configuration, which is discussed in a previous 
paper. • 
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With the turbqjet engine, a considerable thrust reduction' is 
possible during the approach by reducing engine speed; as shown in 
figure 4. Operation, at about; 55 percent of - rated speed permits a 
thrust reduction, to only 10 .percent, of .the rated value, 

'/Although this.; thrust reduction is satisfactory for approach, 
the large mass of the rotor makes the engine inherently sluggish to 
accelerate when rapid thrust, recovery- becomes' necessary, as shown 
in-*figure 5« With the- engine operating at 10 percent of rated thrust, 
about 7 seconds are required to accelerate the engine to rated thrust. 

In "order to keep, the acceleration time within the acceptable limits 
of .2 to 3 seconds,! -the -..engine must be operated between 35 and. 50 percent 
of rated thrust .during the approach, 

Qhe method of obtaining wide: thrust control with a greatly re- 
duced time for thrust recovery is by the use of a variable-area ex- 
haust nozzle, Thrust control with the variable-area nozzle is comr- 
■pared to that with a fixed nozzle in figure 6. By increasing the ex- 
haust-nozzle area 50 percent, the thrust :. at rated speed can be lowered, 
to '40 percent of the rated value. In order to obtain 10 percent of 
the rated thrust, the speed need then be reduced only to 77 percent 
of rated speed as compared to. 55 percent of rated speed with the ' 
fixed ‘nozzle, . 

Thrust recovery from this higher speed is then much more rapid 
as. shown ip figure 7, Recovering from 40 to 100 precent of ‘rated 
.thrust by closing the exhaust, nozzle requires only about 1/2 second 
as' Compared to 2| seconds by. varying speed 'with a fixed-area nozzle. 
Furthermore, the time r equired to increase the thrust from 10 to ... , 
lOO/percent of the rated value requires only 2 seconds with the var-. 
iable-area nozzle as compared to about 7' seconds with the fixed riozzle. 

Other methods of thrust reduction for landing approach,, are : 
bleeding air from the,, compressor, thrott3 ihg the- engine inlet , and 
diverting the exhaust, jet sideways or forward with jet-thrust Spoilers, 

. ’There .is essentially, no thrust-control’ problem with the^turbin'e- 
propdller engine inasmuch as the engine can be scheduled to operate . 
from" 'reverse to maximum thrust at or near rated speed by propeller- 
blade-dhgle changes. 

Considerable trouble has been experienced at high altitudes with 
control systems of some turbine engines. Most engine- controls., are 
designed to operate, at sea level. Difficulties arise, however, . when 
the controls are taken to altitude because of the increased acceler- 
ation time of the engine, which is. referred to as an increase in time .. , 
constant,' The time constant of the. control must -be changed accord-. 

'• ihgly to avoid instability. An example of operation with a control 
that has not been., properly compensated for a change in', engine-time 
constant 1 is’ compared in figure 8 with a control that was properly 
compensated. 
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The dashed line in figure 8 indicates the change in set or 
desired speed as the control lever is advanced. The uncompensated 
control had previously been operated satisfactorily at sea level. 

When the control lever -was advanced at 25,000 feet, the control 
response in supplying fuel flow was the same as that at sea level. 

That is, the control anticipated the same acceleration as at sea 
level, wheare as the actual acceleratibn 'required about three times 
as long. Because the acceleration was slow, the control called for 
more fuel to hasten the acceleration,, The result was an acceleration 
with excessively higji turbine temperature followed by a severe over- 
shoot beyond the set speed. The control, anticipating a quick re- 
sponse in speed as at sea level, then gave the signal to reduce fuel 
flow. Since the engine response was slow, the fuel flow was decreased 
too much,, An under shoot below the set speed then occurred. The 
control continued to increase and decrease the fuel flow, resulting 
in undamped overshoots and undershoots. Such operation could readily 
lead to engine destruction and was stopped by shutting down the engine. 

The compensated control was set to anticipate a slower acceler- 
ation response at altitude. The fuel flow .was therefore increased 
more slowly. This acceleration was slower and within the allowable 
temperature limits. As the control anticipated the slower acceler- 
ation response at altitude, only a slight overshoot and under- 
shoot, which were damped out after the first cycle, occurred. 

Because the turbine engine must be operated within a narrow range 
of conditions for maximum economy, the control must be able to accurately 
hold the set condition. Also, because the operating conditions for 
maximum economy are near the operating limits of the engine, the con- 
trol must be very sensitive to overspeed and overt emperature conditions 
to prevent overheating the turbine blades or overspeeding the rotor 
for any length of time. 

It is also desirable to have a control that will operate with a 
single lever that has a fixed schedule at all altitudes. That is, to 
have altitude compensation built into the control so that at all al- 
titudes .a given control-lever position corresponds to a given percent 
of rated thrust for the turbojet engine or percent of rated power for 
the turbine-propeller engine. This relation between control-lever 
position and power level becomes extremely difficult to obtain be- 
cause the fUel flow at cruise is only one-fourth to one-sixth of the 
fuel flow at talc e-off. 

. A number of current turbine engines now under development have 
controls that approach these requirements; however, much remains to 
be accomplished before- the control system can be completely relied 
upon to meet the demands imposed on it. Studies of a number of engine types 
are being carried on to utilize the engine characteristics in the 
analysis of controls and thereby determine the basic factors leading 
to improved control reliability. 
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In conclusion, solutions to some of the engine operating problems 
are currently available and research is being continued to eliminate 
the other problems that still exist. It should be kept in mind that 
the demands of the military on these engines are in most respects more 
severe than those for transport application. Therefore, because these 
engines are being used and will continue to be used even more widely 
in military aricraft before they find their way into transport appli- 
cation, many of the problems will be solved for the military. The 
result will be that, as in the past, solutions to the most important 
problems will be available when the engines are finally used by the 
transport industry. 
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THRUST RECOVERY WITH FIXED NOZZLE 
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THRUST CONTROL WITH FIXED AND VARIABLE NOZZLES 
SEA LEVEL, 150 MILES PER HOUR 
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THRUST RECOVERY WITH FIXED AND VARIABLE NOZZLES 


o 

UJ 

I — 
CO 
=> 
cr 
x 
H 

Q 

LlI 

<t 

X 

X 

o 

< 

LU 

QC 


UJ 


SEA LEVEL 150 MPH 


THRUST CONTROL METHOD 

ENGINE SPEED, STANDARD NOZZLE 
-ENGINE SPEED, 1.5 STD.NOZZLE AREA 
rNOZZLE AREA, RATED SPEED 



0 20 40 60 80 100 

PERCENT OF RATED THRUST 


Figure 7 

EXAMPLE OF CONTROL INSTABILITY 

ALTITUDE, 25,000 FT 



Figure 8 




